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ABSTRACT 
Malaria in itself is a devastating human malaise, but cerebral 
malaria is its most perilous offspring. In the symptomatology and 
pathogenesis of malarial fevers of man, no other phenomenon appears 
more ominous than that of cerebral malaria. Its onset always carries 
grave implications and in most cases the condition is progressive 
and death is the outcome, unless prompt and adequate treatment 
is initiated. 
In order to fully understand the pathogenesis and other 
aspects of the disease, it is necessary to develop a reliable laboratory 
model for the study of cerebral malaria. The need for these studies 
is as pressing today as it was in the past, particularly in view of 
the high mortality from the disease. 
In the present study an attempt has been made to investigate 
and study some selected aspects of this serious and often fatal 
condition known as cerebral malaria. The extent of involvement 
of brain tissue during the course of a laboratory induced cerebral 
malaria was investigated in Plasmodium knowlesi infected rhesus 
monkeys. In spite of the prohibitive cost and other restrictions, 
the use of non-human primates was found essential for the proposed 
study of this nature. Because of their specific biochemical resemblan-
ces the use of these primates was found indispensible due to their 
evolutionary kinship to man, particularly when their anatomical 
and behavioural resemblences were taken as important parameters 
for making a worth while comparision. 
Light microscopic studies revealed parasitic infiltration 
of virtually all the regions of the central nervous system. These 
studies demonstrated the typical features of cerebral malaria, viz: 
brain capillary obstruction, adhesion of the infected red blood cells 
to the wall of the capillaries and small vessels, swelling of the 
vessel endothelium and plugging of the capillaries by parasitized 
and un-parasitized erythrocytes. Furthermore, we found involvement 
of the brain tissue, inspite of the fact that the peak parasitaemia 
in the peripheral bloox! smears was only 4-5%. An interesting finding 
of this investigation is the demonstration of malaria parasite in 
the capillary endothelial cells and their occasional presence in astrocytes. 
Although cerebral capillaries are implicated as the principal vessels 
involved in fatal falciparum malaria, our studies revealed that venules 
and veins also contained many parasitized red blood cells. However, 
the distribution of parasites was irregular throughout the cerebral 
vessels. Venules and capillaries in one region of the cortex were 
completely filled with parasitized RBCs, whereas adjacent zone was 
virtually devoid of parasities. 
Most of our studies in light microscopy were later confirmed 
by the electronmicroscopic observations, although electron microscopy 
failed to locate the parasitic infiltration of the glial cells. In light 
microscopy, only occasional parasite deposits were found. The knob-
like protrusions which are responsible for the attachment of P^ 
falciparum infected erythocytes to the endothelium were not present 
in the membranes of P^. knowlesi parasitized erythrocytes. However, 
we found that the membranes of the parasitized red blood cells 
conform directly to the endothelium and some of them attach to 
the extension of the endothelial cells. 
The elctronmicroscopic studies further revealed that in 
contrast to normal monkeys, the vessels of animals with cerebral 
malaria contained numerous macrophages. The cytoplasm of these 
macrophages contained phagacytosed parasitized erythocytes and 
other inclusion bodies. Quite often, macrophages were found in 
intimate contact with and attached to endothelium, but in some 
instances the intervening cell membrane was not quite identifiable, 
indicating the possibility that exocytosis of lysosomal contents could 
have occurred. Another interesting electronmicroscopic finding 
was the presence of platelets in the vicinity of macrophages and 
parasitized erythrocytes in the sections from choroid plexus. However, 
it was not possible to assign any significance for their presence. 
As we know that platelets alongwith fibrin are essential components 
of thrombi and we have found at some instances occlusion of blood 
vessels, therefore it may be possible that platelets have a certain 
role to play in this phenomenon. Further indepth investigations 
are certainly required before some conclusions can be drawn in 
this regard. In some monkeys the brain sections also revealed 
lipofuscin pigment deposits. 
We had also carried out light and electron microscopic 
studies from various regions of eye to find out its involvement 
during the course of cerebral malaria. The present study clearly 
demonstrated a parasitic infiltration of virtually every region of 
the eye. This study confirms and further supports oan earlier finding 
of retinal haemorrhages. We have demonstrated a near complete 
occlusion of the blood vessels of retina by sequestrated parasitized 
erythrocytes. On the basis of our studies, we tend to suggest that 
retinal pathology may be the expression of an immunological 
intolerance/dysfunction. 
Malarial infection in experimental animals is associated 
with various biochemical changes. There have been reports indicating 
alterations in the lipid metabolism in infected liver, spleen, kidney 
and brain in malaria infected animals. Lipids are essenstial components 
of cellular structures and are the major constituents of the brain. 
In order to investigate some biochemical parameters related to 
lipid metabolism, we also included _P. berghei - mice model system 
in this study. The histopathological studies of the sections of infected 
mice brain revealed parasitic infiltration. The parasitic infiltration 
was not found as high as was observed in P^ knowlesi - rhesus monkey 
model. The biochemical studies demonstrated a sizeable decrease 
in total lipids, phospholipids, cholesterol and ganglioside contents 
in the cerebellum, cerebrum and brain stem. Similarly, a remarkable 
increase in the rate of lipid peroxidation was obsersved in the 
cerebellum and brain stem of mouse brain following malarial infection. 
The increase in the rate of lipid peroxidation appears to contribute 
significantly to the reduction of the lipid levels in various areas 
of brain. 
The killing of intracellular and extracellular pathogens 
by phagocytes is due in part to the production of oxygen radicals, 
namely superoxide, hydroxy radicals and possibly singlet molecular 
oxygen. In recent years workers are engaged in assessing the possible 
role of these highly reactive products of oxygen termed free radicals 
in the pathogenesis of malaria and other parasitic infections. The 
results of present study showed significant alterations in hydroperoxide 
levels of mitochondria and microsomes of infected mouse brain 
specimens. There was a marked increase in lipid peroxide levels 
in brain microsomes, thus indicating damage of brain membranes 
by Pj. berghei infection. The experiments carried out during the 
course of this study have demonstrated sizeable decrease in the 
superoxide dismutase (SOD) activity of infected mouse brain compared 
to un-infected control group. The SOD activity is said to be the 
natural defence mechanism against oxidative damage to the tissues. 
Low levels of this enzyme during malarial infection would clearly 
make the tissue all the more prone to oxidative damage. 
Numerous mechanisms have been postulated to account 
for the events leading to the development of cerebral malaria. 
None of the earlier hypothesis provided a clear picture. Based 
on our light and electron microscopy and some biochemical findings, 
and as also gleaned from the previous work, it could be concluded 
that the pathogenesis of cerebral malaria is a complicated process. 
Therefore, it is rather difficult to assign one single reason to 
describe its severity, on the contrary it is the outcome of an array 
of factors. On the basis of our studies and published findings we 
suggest that pathogenesis of cerebral malaria is the outcome of 
a triad, consisting of mechanical obstruction of the blood capillaries 
brought about by parasitized erythrocytes, combined with certain 
biochemical events (involvement of free radicals in particular) and 
the immunological dysfunction, all the three acting in concert. 
To investigate the role of immunity in protection, or in 
minimizing the course of pathogenic events in cerebral malaria, 
rhesus monkeys were immunized against Plasmodium knowlesi whole 
antigen in combination with Muramyl dipeptide (MDP) as an adjuvant. 
The intracellular parasite, JP. knowlesi, was isolated from the infected 
RBC by means of a multistep experimental protocol. The infected 
erythrocytes collected in an anticoagulant, ACD, were washed three 
times with chilled normal saline. For the removal of leukocytes, 
slow speed centrifugation was used. The washed erythrocytes were 
lysed by treatment with 0.296 saponin. Parasites were separated 
from this lysate by density gradient centrifugation on histopaque. 
The purity of isolated parasite preparation was checked microscopically. 
For the preparation of antigen, the isolated parasites were disrupted 
by ultrasonication. at 9 KHz for 20 min. The purity of the isolated 
P. knowlesi antigen was checked by passing it through polyacrylamide 
gel electrophoresis. In PAGE the position of electrophoretically 
separated parasite proteins, alongwith host RBC proteins, showed 
that antigen preparation was free from host erythrocyte contaminants, 
rmmunogenicity of the isolated antigen was checked by IHA against 
monkey sera and human immune sera obtained from falciparum malaria 
cases. The estimated ratio of protein : carbohydrate in the whole 
antigen sample was found as 18.7 :1 . 
The animals were immunized in different batches by using 
P. knowlesi antigen and the adjuvant. Indirect haemagglutination 
(IHA) and Enzyme Linked Immunosorbant Assay (ELISA) tests were 
used for the detection of humoral immune response. Highest reciprocal 
titre value of 512 was observed in the animals immunized by WAg-
MDP by IHA and that of 1024 by ELISA. The antigen and control 
animal groups showed some slight antibody titres. Development 
of CMI in immunized monkeys was demonstrated by making use 
of DTH and LMIT. Skin reactions in animals sensitized with WAg-
MDP combination showed a well developed zone of erythema with 
induration of 10.8 mm after 24 hrs. of intradermal injection. Animals 
immunized with WAg-MDP showed a maximum migration inhibition 
8 
of 43.8%. All the animals in experimental and control groups showed 
patent infection following challenge with live parasites. Monkeys 
receiving WAg-MDP combination showed survival rate of 50% . 
Animals belonging to the control groups showed 100% mortality. 
Histopathological studies were carried out to detect the 
changes in the tissue architecture of the immunized and infected 
control animals. By and large, the normal tissue architecture was 
found to be intact in the liver, spleen, kidney and brain of the 
immunized animals compared to the infected control group. Sections 
from brain of infected control animals revealed that the blood vessels 
of cortex and medulla were completely plugged with parasitized 
erythrocytes. Parasitic infiltration was found in all the regions 
of the brain. However, there was no involvement of the brain 
tissue in the immunized animals following challenge. There was 
no parasitic infiltration even in the brains of immunized monkeys 
which died after the challenge. On the basis of our findings, it 
is suggested that whatever may have been the limitations in our 
vaccination attempts to prevent an infection, but it certainly provided 
a satisfactory protective cover as far as fatal involvement of the 
brain tissue is concerned. 
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INTRODUCTION 
1.1 HISTORICAL REVIEW : 
Malaria is a communicable disease caused by sporozoan 
parasites of the genus Plasmodium. Human malaria is probably 
as old as mankind. As legend or history makes us believe, prehistoric 
man in the old world was victimized by malaria. Historically, 
the description in Edwin Smith's Surgical Papyrus, 1600 B.C. (Breasted, 
1930), associated malaria with contaminated air. In Papyrus Ebers, 
1550 B.C. (Garnham, 1966), the symptoms of malaria initially described 
were: fever,rigour and splenomegaly. An account of malaria as 
it occurred in Egypt was later given by Halawani and Shawarby 
(1957). 
Hippocrates, in 400 B.C. (Boyd, 1949), gave the first accurate 
clinical description of malaria. He had for the first time mentioned 
about the classic triad of chill, fever and sweating. He further 
analysed the characteristic periodicity of various forms of malaria 
and the associated splenomegaly with the endemicity of malaria 
and its topographical aspects. Many Roman historians and writers 
have mentioned about certain fevers, especially those which affected 
human populations in the vicinity of marshes (Boyd, 1949). Celsus, 
in the first century A.D., gave a rather precise description of a 
febrile disease from which falciparum, vivax and quartan malaria 
could be easily identified as separate entities. Malaria fevers were 
also known in ancient China, India and Arabia. 
Early attempts to prevent what appears to have been malaria 
are also contained in Edwin Smith's Surgical Papyrus (Breasted, 
1930). During the middle of the seventeenth century, came the 
first account of the clinical treatment of malaria with the bark 
of a Peruvian tree. Cinchona. The bark was employed in local 
Indian medicine as a febrifuge, although its use was quite limited 
(Jarcho, 1964). Polletiet and Caventon in 1920, for the first time, 
succeeded in extracting two alkaloids which they named quinine 
and cinchonine (Scott, 1939), of the two quinine was found to exert 
a better antimalarial effect. 
But more important events in the history of malaria research 
took place only towards the end of the nineteenth century. In 
1880, Laveran first saw and described malaria parasite in the blood 
cells of man. Romanowsky (1890, 1891) in Russia developed a new 
method of staining malaria parasites in blood films. The development 
of staining techniques, along with later improvements in microscope 
designing made the study of Plasmodia much simpler. Gerhardt 
(1884) showed the induction of malaria in healthy persons through 
inoculation of blood from malaria patients. These studies and those 
on the morphological aspects of blood schizogony by Marchiafava 
and Oelli (1884), and ultimately the observation of fertilization of 
a macrogamete by a microgamete (Mac Galium, 1897) finally dispelled 
the myth of a miasmatic origin of malaria as also it helped in 
discarding other rather adventurous hypotheses of the various fap-flung 
causes of the disease. 
Infact, the way in which malaria was transmitted from 
man to man long remained a mystery, although the association 
between mosquitoes and malaria and the existence of a particular 
mechanism of transmission were long suspected. Pfeiffer, in 1892, 
suggested that malaria parasites passed through an exogenous cycle 
in the body of a blood-sucking insect. Manson (1894) discovered 
that mosquitoes were arthropod hosts for malaria parasites. Ross 
(1897) described gametocyte maturation of P. falciparum in Culex 
and Aedes and the production of oocysts in anopheline mosquitoes. 
Bignami (1899) succeeded in infecting a healthy volunteer 
with P. falciparum through mosquito bites and elucidated the sporogony 
cycle of P. falciparum and P. vivax in anopheline mosquitoes (Bastian-
elli and Bignami, 1899). 
1.2 HUMAN MALARIA STRAINS : 
Over one hundred different species of Plasmodia are already 
known to cause malaria in a wide range of vertebrates, each of 
them exhibiting a narrowly defined host specificity. Out of these, 
four species; namely _P. falciparum, P. vivax, P. malariae and _P. 
ovale are naturally infective for man. Amongst the four human 
species, £. falciparum is the:most lethal form of parasite causing 
malignant tertian malaria in man. Amongst the many other species 
of Plasmodia, Pj. knowlesi is reported to cause natural human infection 
in Malaysia (Chin et al., 1965). Similarly, a doubtful human infection 
with K simium is reported from Brazil (Deane et al., 1966). Some 
accidental laboratory infections are also traced to have been caused 
by P. cynomolgi (Coatney, 1979). 
1.3 RODENT MALARIA : 
Till the later part of 1940, malaria research was mainly 
carried out using avian malaria and to a lesser extent with simian 
malaria parasites. In 1948, malaria parasites were discovered in 
small rodents; thici<et rats in Congo, and these parasites were 
found to be infective in mice and rats. Since the first isolation 
and description of P. berghei, malaria parasites from infected murine 
rodents have been collected from several widely separated regions 
of tropical Africa (Vincke and Lips, 1948). Various species and 
sub-species of rodent malarial exhibit different degrees of virulence 
in unnatural hosts. The virulence also greatly depends on the age 
and strain of the host. The mortality rate due to P. berghei infection 
varies with the strain of the host. Four species of rodent malaria 
parasites are now well recognized, namely; R berghei, £. yoelii, 
P. vinckei and P. chaubaudi. 
1.4 SIMIAN MALARIA : 
Fourteen species or sub-species of Plasmodium occur in 
monkeys, and many of them have proved of immense value in malaria 
research during the past. 60 years. Of these two (P_. cynomolgi 
and P. simium) are tertian, two {P. inui and Pj brasilianum) are 
quartan, one {P. knowlesi) is uniquely quartidian, and one (P. coatneyi) 
is tertian but with doubtful affinities. 
Simian malarial parasite, P. knowlesi, is remarkable for 
its unique quatidian periodicity in the blood, and also for its almost 
100% lethality in Macaca mulatta. The severity of infection in 
its natural host such as M. fascicularis is of a lower grade. A 
comparision of responses to JP. knowlesi by the natural simian host 
(M. fascicularis) and an unnatural but highly susceptible host (M. 
mulatta) shows that the former synthesises protective antibody of 
broad serological specificity within 2 weeks of infection and gives 
rise to only mild chronic parasitaemia, while the latter shows no 
protective antibody and the infection often leads to a rapidly fatal 
malaria (Cohen et al. 1977). 
1.5 HOST-PARASITE RELATIONSHIP : 
Several recent studies have shown that host factors may 
modulate the expression of parasite antigens during malaria infection. 
These factors include several parasite host interactions such as 
immunity, genetic factors, age, nutritional status of the host, exposure 
to the mosquito bites, etc. The susceptibility of the host is usually 
greatest in the young animals. The primary requirement for blood 
stage infectivity is the presence of a specific red cell receptor 
for merozoite attachment (Butcher et al. 1973, Miller et al., 1973). 
In case of P_. knowlesi and P^, vivax this receptor is associated with 
the Duffy blood group determinants (Mason et al., 1977). The presence 
or absence of the immune system, or the organs responsible for 
it, affects the course of infection and the susceptibility of the 
host as well. For example, absence of spleen can convert a resistant 
host into a susceptible one, or low grade parasitaemia can be converted 
into a fulminating high grade parasitaemia (Garnham, 1970). Absence 
of p-aminobenzoic acid in the host diet renders it more resistant 
to infection. The haemoglobin constitution of the red cell may 
influence intracellular growth of malaria parasites. The inhibitory 
effect of sicl<le cell haemoglobin in _P. falciparum infection has also 
been observed (Allison, 1954). 
1.6 PATHOLOGY 
Even before the discovery of the causative agent of malaria, 
the presence of a characteristic brownish pigment in the spleen, 
liver, and brain was noted by most pathologists who conducted necro-
psies on people who had died of this affliction. In 1847, Meckel 
pointed out that the brown colouration of these organs was caused 
by the accumulation of pigment removed from the blood. 
Pathological changes in malaria result primarily from the 
infection of erythrocytes by Plasmodium and from the host's response. 
To understand these changes three factors contributing to the develop-
ment of pathological lesions in various organs must be considered: 
(1) parasitaemia, (2) destruction of damaged erythrocytes and 
(3) the host's defence response against the infection, including phagocy-
tosis and the development of immunity. Malarial parasites invading 
erythrocytes initiate the pathological process, and the consequences 
of this infection influence the host's other tissues and organs. 
Destruction of host red blood cells occurs not only when Plasmodia 
cause rupturing of the erythrocytes at the end of schizogony but 
also through phagocytosis of infected and un-infected erythrocytes. 
1.6.1 SPLEEN PATHOLOGY 
The spleen is the organ which shows the earliest changes 
in individuals with malaria. Spleen enlargement is a well-known 
physical sign of infection and its enlargement rate in human popula-
tions was used for the evaluation of malaria prevalance within a 
region (Boyd, 1949). Changes in spleen size in experimental nonJiuman 
primates with malaria were evaluated by Coggeshall (1937) who 
demonstrated that Macaca rhesus infected with _P. knowlesi and 
dying in 3 to 7 days after infection showed a 57% average increase 
in organ size. If infection lasted longer because of treatment, 
the increase was 91%. Jervis et al (1972) working with P. falciparum 
infected Actus found the spleen of infected monkeys to be larger 
and heavier than those of uninfected control monkeys. 
The anaemia seen in malarial infections of humans and 
animals can sometimes be profound, and extramedullary erythropoiesis 
is often seen in the spleen. Singer (1954) found that after seven 
days of P, berghei infection, the chief activity of the spleen of 
mice was erythropoiesis. The tropical splenomegaly syndrome (Pitney, 
1968) may be a most important consequence of malaria. 
1.6.2 LIVER 
Hepatomegaly is another common sign of malaria infection 
in humans, though variable in experimental animals. Jefvis et al. 
(1972) found that in P. falciparum infected Aotus, neither the wet 
nor dry weight of liver was significantly altered. However, the 
wet weight in experimental animals with P. berghei parasites was 
found increased while the dry weight remained unchanged, indicating 
that increase was only due to oedema (Jervis et al., 1968). P. 
cathemerium produces a marked liver enlargement in canaries, 
especially during the crisis and shortly thereafter (Taliaferro and 
Mulligan, 1937). 
In light microscopy, many workers have demonstrated 
profound changes in the reticuloendothelial system. It is generally 
accepted that the endothelical cell lining the liver sinusoids are 
phagocytic in nature and that they can transform into Kupffer cells 
(Aikawa et al., 1968). These transformed endothelial cells divide 
rapidly to increase the number of macrophages. In £. falciparum 
of humans and experimental monkeys (Jervis et al., 1972; Gutierrez 
et al., 1976), large number of parasitized red cells have been seen 
attached to the endothelial cells. 
Electronmicroscopy has shown that the Kupffer cells are 
vacuolated and contain electron-dense cytoplasmic bodies with large 
phagolysosomes containing infected erythrocytes and malarial pigment 
particles (Aikawa and Antonovych, 1964). No apparent digestion 
of the pigment particles is reported but digestion of parasitized 
red blood cells and acid phosphatase activity has been demonstrated 
in the phagolysosomes (Aikawa et al., 1968). Ultrastructural liver 
lesions in natural infections of P. falciparum and P. vivax in man 
have been respectively reported by Rosen et al. (1967) and Brito 
et al. (1969). 
1.6.3 RENAL PATHOLOGY 
Rhesus monkeys (M. mulatta) infected with P. knowlesi 
excrete large quantities of haemoglobin, become oliguric, and develop 
acute renal failure (Rosen et al., 1968a). They develop a condition 
resembling human black water fever. The rapid intravascular haemoly-
sis is reflected by a progressive haematocrit decrease and a fall 
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in total serum proteins. Light microscopy reveals haemoglobin 
granules in the proximal tubules (Rosen et al., 1968b, Boonpucknavig 
et al., 1973). Suzuki (1974) was able to produce an immune complex 
disease in mice infected with JP. berghei. Similarly, George et 
al. (1976) detected glomerular deposits of IgG and IgM. 
1.7 CEREBRAL MALARIA 
In the symptomatology and pathogenesis of malarial fevers 
of man, no other phenomenon appears more ominous than that of 
cerebral malaria. Its onset always carries grave implications and 
in most cases the condition is progressive and death is the outcome, 
unless prompt and adequate treatment is initiated. The syndrome 
is associated with P. falciparum and the most fatal cases resulting 
from an infection with this species show significant brain involvement. 
Epidemiologically, incidence of cerebral malaria varies, depending 
on the endemic areas or the patient populations concerned (Tharavanij 
et al., 1984). Pathogenicity of the parasites, as well as host factors 
such as age, sex, genetic background, nutritional conditions, and 
degree of immunity to the parasites are most likely involved in 
the development of a full range of pathological changes (Wright, 
1968; WHO, 1975; Finley, et al., 1982; Tapchaisri et al., 1985). 
Since cerebral malaria is the leading cause of mortality 
in P^ . falciparum infection,the elucidation of its underlying mechanism(s) 
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has been the subject of countless investigations by numerous workers. 
Some workers have maintained that there is a cerebral component 
in virtually all cases of falciparum malaria and that there is a 
common underlying mechanism varying in degree rather than kind 
(Desowitz, 1987). A recent World Health Organization consultative 
group has restricted the definition of cerebral malaria to being 
'severe and complicated; frequently of sudden onset with a convulsion 
followed by persisting unconsciousness' (WHO, 1986). They note 
that malarial fever per se can produce convulsions and impairment 
of consciousness, particular in children, but this is different from 
deep, unarousable coma that is in their more narrow definition 
'cerebral malaria'. 
Brain damage caused by P. falciparum infection in humans 
is the most significant feature of carebral malaria, often leading 
to a potentially fatal outcome. Some other clinical and histopathologi-
cal manifestations of cerebral malaria include paralysis, ataxia, 
a comatose state, plugging of the capillaries and brain haemorrhages. 
The phenomenon of cerebral malaria has been extensively studied 
since the end of the last century, notably by Marchiafava and Bignami 
(1892). The first anatomical and pathological description of brain 
capillary occlusion, adhesion of infected red cells to the walls of 
the capillaries/small vessels, swelling of the vessel endothelium and 
other pathological changes occurring in them were first described 
by Marchiafava and Bignami (1900). Such studies mostly pertained 
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to clinical description of the involvement of the central nervous 
system, and the morbid anatomy of fatal falciparum cases. However, 
the pathogenesis is somewhat poorly understood with none of the 
earlier iiypotheses (Yoeli, 1976) being successful in fully explaining 
the initiating circumstances and the sequence of events. A number 
of investigations had been undertaken to study the pathology of 
acute and fatal falciparum malaria. Most (1940) investigated cerebral 
malaria in a syringe-induced epidemic of P. falciparum in drug 
addicts. Rigdon and Fletcher (1946) studied different lesions of 
the brain associated with malaria. Kean and Smith (1944) summarised 
their investigation of 100 autopsy cases due to aestivoautumnal 
malaria. Spitz (1961) further contributed in this direction by elucidat-
ing the pathological processes. 
In order to thoroughly investigate the pathogenesis and 
the genetic and immunological aspects of the disease, it is necessary 
to develop a reliable laboratory model for the study of cerebral 
malaria. The need for these studies is as: pressing today as it 
was in the past, particularly in view of the high mortality from 
the disease. Various rodent and simian models have been investigated 
and proposed for studying this syndrome. Wright (1968) described 
cerebral malaria in golden hamsters (Mesocricetus auratus) infected 
with P^ berghei. Williams (1970) demonstrated cerebral lesions 
in hamsters using the N strain of P. berghei. Mercado (1973) described 
cerebral haemorrhages in rats infected with JP. berghei. Yoeli 
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and Hargreaves (1974) proposed ^ . berghei yoelii 17 x - mice model 
for studying cerebral malaria. Mackey et al. (1980) reported severe 
cerebral lesions in A/J and BALB/C inbred mice strains using £ . 
berghei ANKA infection. Rest (1982) tested P. berghei ANKA strain 
for its usefulliessr as a model for studying cerebral malaria in several 
inbred mouse strains. He reported that A or A/J strains were 
most suitable for studying cerebral malaria. Finely et al. (1983) 
are of the opinion that the ANKA strain of £ . berghei in BALB/C 
mice produces cerebral malaria with lesions similar to those in 
humans with P. falciparum. In these mice, a relatively low parasitae-
mia is accompanied by cerebral haemorrhage and oedema. Polder 
et al. (1983) who made a detailed study of cerebral lesions occurring 
in P. berghei (K 173 strain) infections of Swiss mice claimed it 
as a congruent model of human cerebral malaria. Recently, Kamiyama 
et al. (1987) have investigated cerebral malaria-like symptoms in 
P_. berghi strain NK 65 - WM/Ms rat model. Thumwood (1988) 
has reported breakdown of the blood-brain barrier in A/J and CBA/H 
mice infected with Pj. berghei ANKA. In recent years, however, an end-
eavor has been made to use simian malaria models for studying 
typical pathology, especially of the tissue alterations characteristic 
of cerebral malaria (Miller et al., 1971). Maegraith and Desowitz 
(1967) closely studied P. falciparum infection in man and comparable 
infections of £ . knowlesi in monkeys. The development of £ . 
falciparum - Aotus trivirgatus model has been reported by Gutierrez 
et al. (1976). 
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Various pathogenic mechanisms have been suggested to 
be the; cause of cerebral malaria. Maegraith and Fletcher (1972) 
suggested cerebral vascular stasis and oedema as being secondary 
to leakage from cerebral capillaries. Other investigators suggested 
sequestration of parasitized erythrocytes in capillaries (Rest, 1983), 
margination and attachment of endothelial surfaces of parasitized 
erythrocytes (Udeiya at al., 1981) and decreased deformability of 
infected red cells as possible causes of capillary obstruction (Miller 
et al., 1972). Immune-electronmicroscopy of cerebral malaria in 
golden hamsters suggested that thymus-dependent humoral reponse 
is involved in the pathogenesis of cerebral malaria (Rest and Wright, 
1979). Poongpon^ath et al. (1985), in electronmicroscopic studies 
of human brain in cerebral malaria demonstrated the adhesion of 
parasitized erythrocytes to the endothelium of cerebral vessels via 
their surface knobs. The endothelial vescular membranes are invariably 
involved in the mechanism of adhesion which leads to vascular obstruc-
tion and disturbance of microcirculation in the brain resulting in 
hypoxia. Earlier study by Maegraith (1974) has shown a significant 
dysfunction of the endothelium of brain vessels, accompanied with 
other local and general pathological changes. Another study cites 
the development of severe and diffuse disturbance of cerebral function 
as the most striking feature of cerebral malaria (Harinasuta et 
al., 1982). 
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The socalled 'Bangkok School', which has contributed signifi-
cantly to the recent studies on malaria pathophysiology, now favours 
the 'mechanical theory' to account for the underlying mechanism 
of cerebral malaria (Desowitz, 1987). They suggest that patchy, 
focal aggregations of parasitized erythocytes impede (but do not 
obstruct) cerebral blood flow. According to their theory, the cerebral 
hypoxia results in the impairment of glucose metabolism and lactate 
accumulation. Hypoglycaemia has been reported to be of common 
occurrence in cerebral malaria (White et al., 1983) and lactate 
levels are abnormally high in the CSF (White et al., 1985). Quinine, 
which is now given in most cases of cerebral malaria, in its side 
effect aids in the release of insulin (Henquin et al., 1975). The 
resultant hyperinsulinaemia compounds the hypoglycaemia and lactic 
acidosis. White et al. (1985) are of the opinion that the CSF lactate 
level is often predictive of the severity of clinical state. 
In P. falciparum infection of man, there is frequently 
some evidence of mental disturbances, including delirium, motor 
aphasia, various types of psychosis, confusion and depression. Coma 
is a common event, later. Maegraith (1966) has suggested that 
in view of the rapid reversibility of severe signs such as coma 
following therapy, one basic contributor to the development of such 
stages may be reversible impendance of the blood flow through ) 
the brain arising from 'stasis' rather than from 'blocking' of vessels 
with parasites or due to thrombosis. 
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1.8 BIOCHEMICAL CHANGES 
During any pathological stress, the metabolism of the host 
is severely altered. In the same way malarial infection also exerts 
considerable metabolic alteration in different organs of the host. 
Ever since the discovery of the malarial parasite in human blood 
by Laveran in 1880, extensive research on various aspects of malaria 
has been carried out. But even today comparatively little is known 
about the sequential changes that exactly take place in different 
biochemical parameters of the host during the course of a malarial 
infection. 
Fletcher and Maegraith (1972) have found that metabolic 
activities of the host, as well as the parasite, are altered significantly 
during the course of malarial infection. Carter (1973) reported 
considerable variations in different carbohydrate metabolizing enzymes 
viz. lactate dehydrogenase, succinate dehydrogenase and malate 
dehydrogenase during P. berghei and P. vinckei infection. Hypoglycaemia 
in malarial infections has also been occasionally described (Maegraith, 
1948). Fulton (1939) had examined the problem in £. knowlesi 
malaria in rhesus monkeys and reported hypoglycaemia and depleted 
liver glycogen in the late stages of the infection. However, White 
et al., (1983) reported that hypoglycaemia was not an uncommon 
complication of severe malaria. White (1986) has also shown that 
hypoglycaemia is frequently associated with severe malaria and 
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high parasitaemia. In the aetiology of hypoglycaemia in severe 
malaria, the possibility of monokines acting as significant mediators 
cannot, however, be ruled out (Clark et al, 1981). Clark and his 
co-workers have produced experimental evidence which according 
to them indicates a central role for these monokines. In malarial 
infection of rodents, they have shown a blocking of the induction 
of enzymes required for gluconeogenesis, a function normally promoted 
by glucocorticoids. 
A common histological feature of the liver tissue in malaria 
is that of the so-called 'fatty degeneration' in addition to centrilobular 
necrosis. Riley and Maegraith (1962) who biochemically examined 
this aspect found a total increase in the liver fats from 10 to 25% 
over control values. The findings by gas chromatography of the 
fatty acid contents of these lipids supported the above observations, 
besides showing a significant increase in unsaturated fatty acids 
such as oleic and liholenic acids alongwith corresponding decrease 
in. the saturated palmitic and stearic acids. A similar pattern was 
observed both in monkeys and mice. In election micros'" copy, simple 
lipid deposition in the form of droplets in close proximity to the 
damaged mitochondria was a common finding in liver samples from 
infected animals (Fletcher, 1964). Gutierrez et al. (1976) have 
demonstrated increase in lipid contents of liver in Aotus monkeys 
infected with P^ . falciparum, while glycogen content was found decreas-
ed to a very large extent. Rajvir et al. (1981) have reported that 
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with high parasitaemia there is a marked increase in total lipids 
in plasma of monkeys during P.knowlesi infection. Saxena et al, 
(1981) have found increase in the values of serum transaminases 
viz. SGPT, SCOT, serum lactic acid, total liver lipids and lipid 
peroxide during P. berghei infection. Angus et al. {1971b) showed 
that plasma concentrations of non-esterified fatty acids increased 
three-fold during P. knowlesi infection in monkeys. Ononghu and 
Onyeneke (1983) have reported increase in plasma triglycerides, 
phospholipids and cholesterol in human P. falciparum malaria in 
Nigeria. 
The role of adenosine and its breakdown products may 
have a greater significance in the pathogenic processes in acute 
malaria, when considered in the light of the ischaemia/reperfusion 
concept of tissue damage arising from free radical activity (Granger 
et al., 1981). 
In recent years, however scientists are engaged in assessing 
the possible role of highly reactive reduction products of oxygen 
generally termed free radicals in the pathogenesis of malaria and 
other parasitic infections. The killing of extracellular and intracellular 
pathogens by phagocytes is due in part to the production of oxygen 
radicals, namely superoxide, hydrogen peroxide, hydroxyl radicals 
and possibly singlet molecule oxygen (Locksley &. Klebanoff, 1983). 
Oxygen radicals are generated inside leukocytes, enabling them to 
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kill phagocytosed microorganisms (Babior et al., 1973), Unfortunately 
for the host, these leukocytes can also secrete 0~, along with other med-
iators, from their outer membrane into the surroundings (Natham 
and Root, 1977). This indiscriminate and self-inflicted process contribu-
tes to the tissue damage from inflammation (Freeman and Crapo, 
1982), having the capability of causing tissue damage in parasite 
induced diseases. In addition to oxygen radicals, certain products 
of radical irtduo6d lipid peroxidation including a series of aldehydes 
may also be toxic to invading organisms (Gutteridge at al., 1974) 
and host cells (Morel et al., 1983). Being much more stable then 
free radicals, these toxic compounds can cause injury at some distance 
from the site of radical generation. 
With a steady rise in parasitaemia, the various tissues 
of the host are damaged to a varying degree. A close -relationship 
exists between cellular injury peroxidation of membrane lipids and 
oxidative damage to the cells (Sharma and Krishnamurti 1976). 
Saxena et al. (1981) have shown that liver, kidney and spleen produce 
higher amounts of lipid peroxides due to increased susceptibility 
of these tissues to oxidative damage under the stress of a malarial 
infection. Chauhan et al. (1981) have also reported increase in 
the level of lipid peroxides in various tissues of mice infected with 
P. berghei. Recently, Clark et al. (1987) have observed increased 
level of lipid peroxide in human liver during P^ . falciparum infection. 
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Mahdi and Ahmad (1989) have reported an increase in the rate 
of lipid peroxidation in Pj berghei-infeeted mice brain. 
Superoxide dismutase (SOD) activity has been studied in 
various parasitic microorganisms (Docampo and Moreno, 1984). This 
enzyme contributes Jri/ the survival of parasites by scavenging oxygen 
intermediates that are produced during immune or chemotherapeutic 
attacks. Suthipark et al. (1982) reported increased level of SOD 
activity in infected versus uninfected erythrocytes during malarial 
infection, while Fairfield et al. (1986) demonstrated a decreased 
SOD activity per cell count in P. berghei infected erythrocytes. 
Sharma et al. (1979) have reported depressed SOD activity in P. 
berghei infected Mastomys natalensis. Kulkarni et al. (1984) have 
found similar results in P. berghei infected mouse. Recently, Mahdi 
et al. (1988d) have also reported depletion of SOD activity in JP. 
berghei infected M. natalensis brain. 
1.9 IMMUNITY 
It has been recognised that malarial infection generates 
detectable humoral responses in humans. Sotiriades (1917) reported 
clinical improvement in a malarious patient following administration 
of 10 ml of 'immune serum'. Pewny (1918) used immunoprecipitation 
v/hile Thomson (1919) employed complement fixation tests to demons-
trate the presence of malaria antibodies in serum. Later, the success-
ful transfer of malaria immunity in human subjects through transfusion 
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of gamma globulin (IgG fraction) from West African immune adults 
(Edozien et al., 1962) focussed attention on the protective nature 
of at least some malarial antibodies there by implying that humoral 
mechanisms constituted a major effect or component of human 
immunoresponsiveness (Mc Gregor, 1987). 
More recent evidences have indicated that cellular mechanisms 
also play an important role in host defence. For example, mice 
that are B cell-deficient can mount effective protective responses 
that are quite independent of antibody mediated mechanisms (Grun 
and Weidanz, 1983). It is widely accepted now that host responses 
to plasmodial infections are complex and involve close collaboration 
between macrophages and T &: B cells. The mediation by the above 
lymphoid tissues results in the production of specific and non-specific 
humoral factors which help in restricting parasite growth and replication 
(Taylor and Siddiqui, 1982, Allison and Engui, 1983; WHO, 1984; 
Perlmann, 1986). However T cells appear to play a central role, 
although some malarial antigens also seem to stimulate B cells 
to produce antibodies directly. But an efficient and persistent 
B cell response still seems to be T cell controlled. Helper T cells 
are probably important in antibody production and in the induction 
of suppressor T cells for modulation of immune responses. The 
T cells, on appropriate antigenic stimulation, secrete regulatory 
lymphokines. One such lymphokine, interleukin 2 (IL2), stimulates 
the clonal expression of T cells, while another, interferon (INF) 
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gamma, is a powerful macrophage activator and may itself possess 
the capacity to kill intracellular parasites (Ferreira et al., 1986). 
Several intrinsic parasite factors confound the development 
of effective host immunity. The first is the prevalence of antigenically 
diverse parasite populations in endemic areas. This is certainly 
true for JP. falciparum in its asexual, erythrocytic phase (Mc Bride, 
et al., 1984). A second important factor is the survival of antigenically 
variant forms of parasites in an immune host (Brown and Brown, 1965). 
A third factor is the capacity of some species of parasite, notably 
P. falciparum, to sequester in the deep vasculature of the host, 
and its ability to avoid passing through organs such as spleen at 
the time of their development cycle when they are immunologically 
vulnerable to cell mediated actions (Miller, 1969). Lastly, the release 
of soluble antigens at the time of erythrocytic schizogony helps 
in effectively binding the circulating antibodies before they could 
combine with the parasite or with parasitized cells (Mc Gregor, 
1987). 
Acquired resistance to malaria shows a high degree of 
species and stage specificities. The malaria cycle presents a variety 
of potential targets for the action of such protective (target) 
antibodies. There are three extracellular stages of development, 
each presenting itself transiently in the circulation, and appearing 
vulnerable to the immune attack. In addition, the red cells which 
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contain maturing parasites express plasmodial antigens on their 
membranes and as sucii become more accessible to surface labelling 
(Dean and Cohen, 1979), 
1.10 VACCINES 
Malaria, although infrequent in the developed world, occurs 
in hundreds and millions of people each year in the tropical countries 
and is a potential threat to hundreds and millions of others (Miller 
et al., 1986). Despite remarkable success of the intensive efforts 
made against malaria, the disease remains a major health problem 
of the tropical and subtropical countries. The current resurgence 
of the disease in Africa, Asia and Central America is increasingly 
a source of great alarm. In our own country, hundreds of people 
suffer and die of this dreaded parasite disease. 
For a brief period in early 1970s it appeared that malaria 
might soon be brought under control. Extensive spraying of DDT 
greatly helped in reducing anopheline mosquito population, while 
effective chemotherapeutic measures were equally successful in 
controlling the disease. A few novel drugs such as Chloroquine 
and Mefloquine were successfully used for treating the patients. 
But ten years later with the resurgence of malaria, the situation 
appeared entirely different. 
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Logistically, the tools and methods so far available for 
malaria control did not prove adequate enough to keep pace with 
the increasing complexicity of the disease over the past three decades. 
For instance, the chlorinated hydrocarbon insecticides such as DDT 
are proving ineffective against anopheline mosquitoes due to a newly 
acquired phenomenon, the insecticidal resistance. Then a more 
alarming situation had arisen due to resistance of the parasite P^ 
falciparum, to various anti-malarial drugs. Currently, these factors 
constitute the most important threat towards our efforts of achieving 
an effective control of the disease. Chloroquine resistant cases 
have been detected in various regions of the world, including India. 
The failure of conventional measures to control/eradicate 
malaria from tropical and subtropical areas of the world has ultimately 
led many scientists to search for a possible malaria vaccine. Following 
development of cultural techniques for ^H vitro growth of erythrocytic 
stages of Pj falciparum by Trager and Jenson (1976), and with the 
advent of hybridoma technology following Kohler and Milstein's 
work in 1975 for producing monoclonal antibodies, the goal of develop-
ing a malaria vaccine seemed nearer than ever before (Anonymous, 
1984). 
The malaria parasite undergoes progressive transformation 
during the course of its life cycle in which process the parasite 
generates an enormous number of antigens. Some of these antigens 
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stimulate protective immune responses of the host, while the others 
are immunologically, nonentity or insalubrious (Bruce-Chwatt, 1986). 
For the production of protective malaria vaccine, the use of antigens 
which effectively stimulate the protective response of the host 
against a homologous parasite species is imperative. Several strategies 
have been devised for the complex taslc of selecting antigens that 
may be important for vaccine production. 
Much of the preliminary work has been done in several 
plasmodial species including JP. falciparum and, hopefully, a protective 
vaccine against human malaria will soon be developed before long. 
There are numerous candidate vaccines which are currently under 
investigation. Presently there are three candidate vaccines, the 
merozoite vaccine, the sporozoite vaccine and a gametocyte vaccine. 
Recently, S-antigens of ^ . falciparum have also been successfully 
employed for vaccination experiments (Ristic et al., 1985). 
1.10.1 SPOROZOITE VACCINE 
Although sporozoites remain in body circulation only for 
a brief period of time before entering hepatocytes, but vaccination 
of rodents, monkeys and humans with attenuated, x-irradiated sporo-
zoites has provided complete protection against malaria (Miller, 
et al., 1986). The main protective antigens of sporozoite are concen-
trated on its surface. When fully mature, the sporozoite within 
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the salivary gland of a mosquito is enveloped by a proteinaceous 
layer, the circumsporozoite (cs) protein. The circumsporozoite proteins 
(CSP) of several species of animal and human Plasmodia react with 
a corresponding monoclonal antibody and have been designated by 
their plasmodial species and the antigen's relative molecular weight. 
The circumsporozoite molecule apparently plays an important part 
in the penetration of sporozoites into the liver cells. The corresponding 
monoclonal antibodies have been shown to inhibit their entry into 
the liver cells (Nussenzweig and Neussenzweig, 1984). The most 
promising achievement with regard to the development of a sporozoite 
vaccine .was gene cloning of P^ . knowlesi antigens in Escherichia 
coli. This was done by extracting the massenger RNA encoding 
circumsporozoite protein from infected mosquitoes through conversion 
(by the enzyme reverse transcriptase) into DNA. The fragment 
of cDNA was inserted into bacterial plasmids which were then intro-
duced into E. coli. The bacterial clones excreted peptides binding 
to the monoclonal antibodies against circumsporozoite protein of 
Z- knowlesi (Sharma and Godson, 1985). iVIoreover, the peptide 
corresponding to the relevent sequence of neucleotides of P^, knowlesi 
was synthesised and coupled to a protein carrier with an adjuvant 
and inserted into animals. These inoculations induced the synthesis 
of ontipeptide antibodies which neutralised infective sporozoites. 
The CS proteins of different plasmodial species possess 
structural similarities, yet retain the differences which make each 
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species antigenically unique. Each CS protein posseses an immunodo-
mlnaht epitope which is repeated several times within the molecule. 
For P_- falciparum, the epitope is situated in an area composed 
of some 37 tandemly repeated peptides comprising four amino acids 
(Dame et al., 1984). A 12-amino acid peptide comprising three 
repeats of the tetrapeptide has been shown to contain the immunodomi-
nant epitope, and the antibodies raised against a synthetic peptide 
were found to react with the surface of sporozoites for neutralising 
their infectivity (Zavala et al., 1985b). Since this epitope has been 
detected on P^. falciparum sporozoites isolated from different geographi-
cal areas of the world, it could conceivably constitute an effective 
vaccine against falciparum malaria (Zavala et al., 1985a). Also 
for JP. vivax, the dominant epitope is located in an area of tandemly 
repeating peptides. In this case, the peptide comprising nine amino 
acids is repeated some 19 times (Arnot et al., 1985). Circumsporozoite 
proteins are immunogenic in man and animals and when sporozoites 
are in immune serum, the homologous antibodies crosslink with 
sporozoite surface antigens to give rise to a characteristic circumsporo-
zoite precipitation (CSP) reaction (Vanderberg et al., 1969). 
1.10.2 ASEXUAL BLOOD STAGES 
The merozoite vaccine or asexual erythocyte vaccine inducing 
immunity against blood forms of the parasite would act as a curative 
measure. An effective merozoite vaccine will overcome the 
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problem of drug resistance and will also provide rapid cure. The 
main target of this vaccine would be free circulating merozoites 
in the blood. Immunization using blood stage antigens derived from 
avian, rodent, simian and human malaria parasites can induce impressive 
protection in the appropriate host. However, the degree of protection 
varies, depending on the nature of the antigen used and the form 
in which it is administered (Taylor and Siddiqui, 1982). The major 
merozoite surface antigen of JP. falciparum is a 195 i<ilodalton (kD) 
protein which is synthesised during schizogony and deposited on 
the surface of the intracellular parasite (Holder et al., 1985). Immuni-
zation studies in monkeys have shown this large molecular weight 
antigen protectively immunogenic (Perrin et al., 1984). However, 
this molecule exhibits considerable antigenic diversity (Mc Bride 
et al., 1985) within endemic regions, and it remains to be seen 
whether it also possess other shared immunogenic epitopes that 
may confer protection following challenge with various strains. 
The earliest attempts to immunize rhesus monkeys (Macaca 
mulatta) against ?_. knowlesi were nearly all unsuccessful (Eaton 
and Coggeshall, 1939; Short and Menon, 1940). In subsequent studies 
the monkeys which were immunized sub-cutaneously with two doses 
of formalin treated JP. knowlesi infected blood (emulsified with 
FCA) became extremely resistant to otherwise lethal challenge 
of R knowlesi (Freund et al., 1945, 1948). Simpson et al. (1974) 
reported the studies carried out on vaccination of rhesus monkeys 
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against P^. knowlesi using fractions of schizont antigen prepared 
on sucrose density gradient. Cabrera al al. (1977) carried out long 
term vaccination studies of rhesus monkeys with French Press antigen 
(FPC). Rieckmann et al. (1979) compared the efficacy of three 
non-viable blood stage antigens (Schizont, FPC, merozoites) of P^ 
knowlesi which induced protective immunity in rhesus monkeys. 
Khanna (1988) demonstrated considerable protection of rhesus monkeys 
against P_. knowlesi challenge following immunization with whole 
antigen in combination with an immunomodulator the MDP. 
Using a _P. falciparum mature schizont vaccine or extra-
cellular merozoites emulsified in FCA, Siddiqui (1977) obtained 100% 
protection of immunized owl monkeys following challenge with a 
homologous strain of _P. falciparum. This study was the first one 
to demonstrate an effective, successful immunization of an experimen-
tal animal against ^ . falciparum. Recently, Siddiqui et al. (1987) 
have demonstrated protection of Actus monkeys against malaria 
using merozoite surface and rhoptry polypeptides, and as such establish-
ing their candidacy for a human malaria vaccine. 
The possibility of using S-antigens of _P. falciparum for 
vaccine development is yet another exciting area of current research 
interest. Ristic et al. (1985) have shown that S-antigens of P. 
falciparum induce significant protective immunity in squirrel monkeys 
against a virulent challenge by P_. falciparum. James at al. (1985) 
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demonstrated that cation exchange-purified P_. falciparum exoantigens 
induee significant homologous protection v;ith a moderate degree of 
heterologous strain immunity against clinical malaria caused by a 
virulent challenge exposure with P_. falciparum. Shamansky et al. 
(1985) have purified two 83 and 100 k Da S-antigens and have proposed 
that these may be good candidates for potential host protective antigens 
in malarial immunoprophylatic regimens. Delplace et al. (1985) have 
identified a 50 Kd protein as a major exoantigen, which gives a strong 
immunoprecipitation reaction agaihst a highly strong inhibitory human 
immune serum. Bhatia et al. (1987) have demonstrated the presence 
of epitopes on the schizont protein P 126. This is a precursor of 
the major culture supernatant antigen of £. falciparum and as such 
may be a potential candidate for an antimalaria vaccine. Mahdi 
et al. (1988a) have demonstrated the usability of the culture derived 
S-antigens in seroepidemiological surveys. 
1.11 ADJUVANTS 
A proper choice of the adjuvant is an important consideration in 
the development of a parasite vaccine. After all, the ultimate aim of 
any vaccine research is to immunize and protect man. Therefore 
the search for an immunologically acceptable adjuvant is very important for 
the development of an effective and functional human malaria vaccine. 
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So far, numerous adjuvants have been used in combination with 
malarial antigens for immunization purposes. 
Freund et al. (1948) was the first to demonstrate the 
importance of using Freund's Complete Adjuvant (FCA), in combination 
with parasite antigen material, for achieving protective immunity. 
Subsequent vaccination studies in avian, rodent and simian malaria 
further confirmed the above findings (Cohen et al., 1977). Many 
early investigators working with P^. knowlesi antigen used FCA in 
their vaccination studies (Freund et al., 1948, Targett and Fulton, 1965). 
The FCA was an essential requirement for effective immunization 
of owl monkeys against P_. falciparum (Siddiqui, 1977; Taylor and 
Siddiqui, 1979). 
Various microbial products, in particular their polysaccharidic 
components, possess the property of enhancing non-specific host resis-
tance if given prior to the infection. For example, Beta-1,3 glucan, 
isolated from Saccharomyces cerevisies, Lentinan from Lentinus edodes 
and Schizophyllum from Schizophyllum commune have all been widely 
studied for their adjuvant action (Song and DiLuzio 1979). The ability of 
glucan to modify resistance and enhance effectiveness of vaccines 
for microparasitic diseases was studied. Williams et al. (1978) studied the 
protective effect of glucan in experimentally induced candidiasis. In 
this study, pretreatment with glucan resulted in 80% survival 
in contrast to the 80% mortality in control mice. Glucan 
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has been widely used for prevention or therapy of toxoplasmosis 
(Nguyen and Stadtsbaeder, 1980), experimental leprosy (Delville 
and Jacques, 1980), malaria (Gillet et al,, 1978) and leishmaniasis 
(Cook et al, 1982). When glucan was used as an adjuvant for immuni-
zation against P. berghei (Holbrook et al, 1981b, Kumar and Ahmad 
1985), Entamoeba histolytica (Ahmad et al. 1980, Sharma et al. 
1984b) and Leishmani donovani (Obaid et al., 1989) it was found 
that it elicits a very specific protective immune response. 
Bloch (1960) isolated a well defined mycobacterial glycolipid, 
Trehalose-6, 6'-dimycolate (TDM). The TDM in oil emulsion when 
injected intraperitoneally has been shown to protect mice against 
challenge by Salmonella typhi and Salmonella typhimurium (Yarkoni 
and Bekierkunst 1976). In vivo experiments have shown the TDM 
suspensions in saline can protect mice against infections by Klebsiella 
pneumoniae and Listeria monocytogenes (Parant et al., 1977), Babesia 
microti (Clark, 1979) and Plasmodium berghei (Kumar et al, 1984). 
Another adjuvant, muramyl dipeptide (MDP), synthesised 
from whole Tubercle bacilli has been shown to replace FCA for 
enhancing the immune response of an animal against a particular 
antigen following its injection with mineral oil (Kotani et al., 1975). 
Siddiqui et al, (1978c) have used MDP in mineral oil, or peanut 
oil as an effective adjuvant. The above investigators were successful 
in vaccinating the owl monkeys against F^ . falciparum. Later, many 
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derivatives of MDP have also been used as adjuvants. It has been 
demonstrated that stearoyi-MDP (6-0-stearoyl-N-acetyl muramyl-
L-alanyl-D-isoglutamine) could easily be used as a replacement for 
effective immunization of owl monkeys against P^. falciparum infection 
(Siddiqui et al. 1978b, 1979). In these studies stearoyl-MDP was 
used with carrier liposomes (Cholesterol plus lecithin). Kotani et 
al, (1977) have demonstrated the absence of any side effect with 
stearoyl-MDP adjuvant in guinea pigs against influenza vaccine. 
In recent years, a series of 6-0-acyl derivaties of MDP, B 30-MDP 
(6-0-tetra-decylhexadecanoyl)-N-acetylmuramyl-L-alanyl-D-isoglutamine) 
and BH48-MDP (6-0-3-hydroxy-2-doconyl-hexacosanoyl)-MDP were 
examined for their immunopotentiating activity, particularly for 
stimulating the primary immune response of guinea pigs to ovalbumin. 
Both of these derivatives were found to stimulate the humoral 
and cellular immune responses (Tsujimoto et al., 1986). Khanna 
(1988) have demonstrated considerable protection of rhesus monkeys 
against malarial infection following immunization with P^. knowlesi 
whole antigen in combination with MDP. 
AIMS 
OBJECTIVES 
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AIMS AND OBJECTIVES 
Cerebral involvement is an important and serious complication 
of acute malaria. Beside adults, the usual victims are the children 
living in endemic areas. The majority of such victims belongs to 
the developing countries like India, where there is often a high 
mortality rate due to cerebral malaria. 
The phenomenon of cerebral malaria has been extensively 
studied. However, the pathogenesis is somewhat poorly understood 
as none of the earlier hypothesis is sufficiently comprehensive to 
fully explain the initiating circumstances and the sequence of events. 
Any endeavor to unravel this complicated conundrum, as also to 
suggest some possible methods for saving human lives from this 
condition, would, therefore, be a major step in understanding this 
important riddle within the realm of malaria research. 
In view of the above considerations, the present investigation 
was therefore designed to study some of the selected aspects of 
cerebral malaria as under : 
1. (a) The extent of brain involvement in an animal model with 
induced cerebral malaria. 
(b) The correlation of morphological and ultrastructural changes 
in brain with some biochemical studies - Investigations in 
Rodent Malaria System. 
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2- The immunization of rhesus monkeys against malaria for 
checi<ing the degree of immune protection, if any. 
For investigating the aforementioned aspects, some of 
the essential steps and the details of the study plan were as follows : 
1.(a) 1) IVIaintenance of a continuous supply of parasites through 
an Jr[ vivo cell line of Plasmodium knowlesi from infected 
rhesus monkeys. 
2) Studies on infected brains from laboratory induced cerebral 
malaria following their dissection soon after the death 
of animals. 
3) Study of the tissue damage in light microscopic studies 
of sections from various regions of the brain. 
4) Studies on ultrastructural changes in the infected brain 
through electron microscopy. 
1.(b) Parallel studies in rodent malaria system were also carried 
out. Firstly, to compare the pattern of brain damage 
from that of simian malaria, and secondly, to further 
elaborate and confirm the authenticity of findings on the 
obliteration of some of the biochemical parameters, as 
far as damage to the brain tissue was concerned. 
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In order to make some essential and possibly similar compari-
sions in rodent malaria system, white albino mice infected with 
£. berghei were sacrificed on reaching peak parasitaemia. Their 
brain were excised and processed, mainly for conducting the following 
biochemical studies : 
i) Alterations in the concentration of total lipids, phospholipids, 
cholesterol and ganglioside contents. 
ii) Perturbations in the rate of lipid peroxidation, lipid peroxide 
contents, the level of hydroperoxides and the activity of 
the enzyme superoxide dismutase. 
2. The role of immunity, if any, in protection, or, atleast, 
in minimizing the course of pathogenic events in cerebral malaria, 
was further studied in immunized/vaccinated monkeys. 
a) The Pj. knowlesi antigen used for animal immunization 
was first isolated and subjected to PAGE for checking 
any possible host contamination. 
b) The checking of antigenicity of the isolated parasite material 
was carried out by means of IHA tests against P^. knowlesi 
specific antiserum. 
c) Rhesus monkeys were immunized against P_. knowlesi using 
antigen alone and in combination with MDP (Muramyl 
dipeptide) adjuvant. 
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i) Humoral immune responses were studied in immune sera 
samples by using IHA and ELISA techniques. 
ii) The cell-mediated immune responses were assayed by employing 
delayed type hypersensitivity reactions, leukocyte migration 
inhibition test and macrophage migration inhibition tests. 
iii) Protective role of the elicited immune responses were 
assessed by challenging the immunized animals with viable 
parasites. The protection of the immunized animal was 
further studied by assaying some of the following parameters : 
a) Length of prepatent period. 
b) Percentage of animals which become patent following 
challenge. 
c) Magnitude of peak parasitaemia. 
d) Survival rate during post-challenge period. 
e) Course of infection and the accompanying pathogenicity 
was studied by carrying out histological examination 
of tissue sections from brain, liver, spleen and kidney 
in the test and control animals. 
MATERIALS 
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2.1 EXPERIMENTAL HOST 
Rhesus monkeys (Macaca mulatta) of both sexes weighing 
between 2-4 kg were procured from Sikandrarao, Aligarh through 
a local animal supplier. All the animals were healthy and their 
tuberculin skin tests were negative. Tests showing negative antibody 
titres to P^. knowlesi indicated no prior exposure to malaria. 
Approximately 6 week-old mice (Hissar strain) of either 
sex, were procured from the Central Animal House, J.N. Medical 
College, Aligarh. 
2.2 CELL LINE 
W. strain of simian malaria parasite, Plasmodium knowlesi, 
and rodent malaria parasite, R berghei (strain NK 65), were obtained 
from the Central Drug Research Institute (CDRl), Lucknow, India. 
2.3 ANTICOAGUIANTS 
Acid Citrate Dextrose was obtained from Blood Bank, 
J.N. Medical College, Aligarh. Double oxalate and Ethylene diamine 
tetraacetic acid vials were prepared in the laboratory. Heparin 
was purchased from Biological Evans (India). 
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2.4 ANAESTHESIA 
Anaesthetic ether LP. was obtained from Alembic Chemical 
Wori<s Company, Baroda, India. Pentabarbitone sodium from Loba 
Chemicals, Bombay. 
2.5 CHEMICALS 
Sodium phosphate (dibasic), potassium phosphate (monobasic), 
sodium chloride, sodium hydroxide, dextrose, sodium barbitone, sodium 
citrate, sucrose, sodium carbonate, bicarbonate, sorbitol, ferric chloride, 
and magnesium chloride were purchased from Sarabhai M. Chemicals, 
India. 
The reagents purchased from S. Merk (India) were methanol, 
ethanol, acetone, glycerol, disodium hydrogen phosphate, potassium 
dihydrogen phosphate, sodium oxalate. 
Hydrochloric acid, sulphuric acid, chloroform, acetic acid 
(glacial), iso-propanol, ammonium persulphate, perchloric acid, acetalde-
hyde, formaldehyde, N,N,N',N' -tetramethylethylenediamine (TEMED), 
N,N'-methylene bisacrylamide (Bis), glycine, sodium dodecyl sulphate, 
Tris-(hydroxymethyl)-aminomethane (Tris). ' Sodium potassium tartarate, 
copper sulphate, sodium tetraborate, potassium hydrogen phthalate 
and barbituric acid were purchased from BDH. Rest of the chemicals 
were purchased from B.D.H., Sarabhai and S/ Merk Chemicals 
40 
(India). The chemicals used for electron microscopy were purchased 
from Palaron, England. 
All glassware was sterilized before use and double glass 
distilled water was routinely used to make solutions. 
2.6 CONJUGATE AND SUBSTRATE 
Alkaline phosphatase and p-nitrophenyl phosphate were 
purchased from Sigma Chemical Company, U.S.A. Anti-monkey IgG was 
prepared in the laboratory. 
2.7 CAPILLARIES AND DIALYSIS TUBING 
Dialysis tubing and capillaries were purchased fr^ sm Arthef 
H. Thomas Company, U.S.A. 
METHODS 
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3.1.1 MAINTENANCE OF PLASMODIUM KNOWLESI 
The simian malaria parasite, P. knowlesi (W strain), was 
maintained and allowed to multiply, jn_ vivo, using rhesus monkeys 
as the animal model. The animals were inoculated with approximately 
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5.30 X 10 parasitized monkey erythrocytes, intravenously. After 
the appearance of parasites in the blood the parasitaemia was moni-
tered daily. When parasitaemia reached to about 80 percent, the 
animals were ' bled and the blood was collected in Acid Citrate 
Dextrose (ACD). A 5 ml aliquot of the infected blood sample was 
normally inoculated into a fresh animal, while the rest of the infected 
blood was pooled for antigen isolation. The cell line was thus 
maintained by serial inoculation of parasitized erythrocytes. Saline 
inoculated monkeys were used as controls. 
3.1.2 MAINTENANCE OF PLASMODIUM BERGHEI 
The rodent malaria parasite ^ . berghei was passaged in 
albino mice. The animals were inoculated with approximately 
5 x 10 P_. berghei parasitized mouse erythrocytes through intraperito-
neal route. The size of the inoculum was 0.1 ml. The inoculated 
animals were observed for the presence of parasitized red cells 
in the blood smears made from the tail of the infected animals. 
After the appearance of parasites in the blood smears, a daily 
parasitemic count was maintained. When parasitaemia reached 
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Figure 1. Photograph showing a rhesus monkey (the animal model) 
•^••^'i 
• \ , 
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around 65 percent, the animals were bled and the blood collected 
in ACD. The infected blood samples were subsequently used for 
inoculations. 
3.1.3 COUNTING OF PARASITES 
The inoculated animals were continuously monitered for 
the presence of parasitized red cells through blood smears made 
from the monkey ear vein or finger tips. In albino mice, the smears 
were made from the tail of the animals. The level of parasitaemia 
was monitered by examining the blood smears daily. The slides 
were stained with Leishman stain. 
3.1.4 PREPARATION OF LEISHMAN STAIN 
Leishman stain solution was prepared by dipping 150 mg. 
of stain powder in 100 ml. of methanol for 24 hrs. at 37°C. Glass 
beads were added while dissolving the powder by shaking. The 
stain was filtered through a Whatman No.1 filter paper. 
3.1.5 FIXING AND STAINING OF BLOOD FILM 
The dried blood smears were fixed in methanol for 4 min. 
and then dried. The stain solution was made by mixing 
equal volumes of Leishman stain and phosphate buffer 
(0.01 M, pH 7.2). The stain was then layered on top of 
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the fixed and dried blood film. The slides were left for 30 min 
and then washed with phosphate buffer. 
The stained films were examined in a microscope (Carl 
Zeis, Jena) under oil immersion. 
3.2 LIGHT MICROSCOPIC STUDIES 
Reagents 
i) Neutral buffered formalin (10%) (Lillie, 1948) 
C<3mmercial formalin (37-40 96 formaldehyde) 100 ml 
Distilled wateT 900 ml 
Sodium dihydrogen phosphate (NaH^PO.HgO) 4.09gm 
Disodium hydrogen phosphate (Na^HPO.H^O) 6.5gm 
The solution was neutralised by keeping it over calcium 
carbonate before use. It was used as one of the perfusates for 
fixing the brain tissue. 
ii) Graded .strengths of Ethanol. 
Various strengths of ethanol were obtained by diluting 
a higher grade ethanol (rectified spirit or absolute ethanol) with 
distiWed water. For making a given strength of ethanol, the required 
percentage was substracted from that the ethanol percentage out 
of which dilutions were to be made. The difference between the 
two percentages gave the amount of distilled water required to 
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be added for obtaining a particular dilution. 
iii) Mayer's Egg Albumin 
The white of an egg was taken in a measuring cylinder, 
and mixed with an equal volume of pure glycerine. After a thorough 
mixing, a crystal of thymol was added to the solution; and the 
solution was kept in a glass stoppered bottle and stored in a refrigerator. 
Processing of Tissues for Making P araffin Blocks 
The parts of the brain were gently transferred into sufficient 
quantity of 30% ethanol. The parts were then processed through 
increasing strengths (50, 70, 80, 90 and 95 percent) of ethanol by 
keeping them in each grade for 1 hr. Dehydration was completed 
by two changes of absolute ethanol, each of 30 min. duration. 
Dehydrated specimen were 'cleared' xylene (2 to 3 hrs) and'infiltrated' 
with paraffin wax (56°C melting point). The filtered molten wax 
was poured into a 'paper-mould' and with the help of a forceps 
(warmed over flame), the impregnated slices were quickly placed. 
Tissue orientation was done immediately after placing a particular 
part inside the mould. Rapid cooling helped in the solidification 
of wax. The paraffin blocks thus obtained were lebelled, and stored 
in a refrigerator till used for section cutting. 
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Cutting of Paraffin Sections 
The paraffin blocks were trimmed and attached to block 
holders. After routine adjustments,, 4-5 um thick sections were 
cut with a sharp knife on a rotary microtome. The ribbons of 
sections were spread on a sheet of paper kept over a flat surface. 
Attachment of Sections on Glass Slides 
Small lengths of ribbons were cut by a sharp razor blade. 
They were lifted by a spatula and transferred to the water surface 
in a tissue floatation bath, the temperature of which was always 
kept about 1 to 2 degrees below the melting point of wax used. 
The flattened sections were carefully lifted and placed on clean 
glass slides smeared with a thin layer of egg albumin. - The slides 
were kept overnight in an incubator adjusted between 40 to 45°C. 
The dried slides were then ready for staining. 
Haematoxylin Eosin Staining 
Reagents 
i) Harri's Haematoxylin 
Haematoxylin 1 gm 
Absolute (or 95%) ethanol 10 fcnl 
Potash alum 20 gm 
Distilled water 200 ml 
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The haematoxylin was dissolved in ethanol and added to 
a solution of potash alum in hot water. After thorough mixing, 
the solution was boiled and mercuric oxide was added. It was rapidly 
cooled under tap water and filtered into the stock solution. 
ii) Alcoholic Eosin (1%) 
Eosin (alcohol soluble) 1 gm 
Ethanol (90%) 100 ml 
After dissolving the dye, the solution was filtered through 
a Whatman's No.2 filter paper and stored in an airtight bottle. 
Procedure 
The slides were deparaffinized with xylene and transferred 
to absolute ethanol. They were processed through descending strengths 
of ethanol, i<eeping in each grade for about a minute. Finally, 
they were hydrated with distilled water before being placed in haemato-
xylin for 3 to 5 min. Differentiation done with 0.5 percent hydrochloric 
acid solution was controlled with an optical microscope. 'Blueing' 
was achieved by rinsing the slides in weak alkaline water and the 
intensity of stain rechecked. After haematoxylin staining, the slides 
were dehydrated by processing them for about 2 min. each, in ascending 
grades of ethanol upto 90 percent. They were then dipped for 
30 to 45 sec in the alcoholic eosin solution. After a brief rinse 
in 90 percent ethanol, the slides were finally dehydrated in absolute 
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ehtanol; cleared in xylene; and mounted in Canada balsam. 
3.3 TRANSMISSION ELECTRON MICROSCOPIC STUDIES 
Reagents 
i) Karnovsky's fixative (Karnovsky, 1965) 
Paraformaldehyde 2 gm 
Distilled water 25 ml 
Glutaraldehyde (25%) 10 ml 
Cacodylate buffer (0.2M, pH 7.4) 15 ml 
Calcium chloride (anhydrous) 25 mg 
or 
Calcium chloride (1% aqueous) 5 drops 
Paraformaldehyde and water mixture was heated to 60-
70°C. with constant stirring. Drop by drop IN NaOH (sodium hydroxide) 
was added till the solution became clear. It was then cooled under 
running tap - water and the glutaraldehyde added. After this, 
the buffer solution and calcium chloride (anhydrous or aqueous solution) 
were added. 
ii) Cacodylate buffer (0.1M, pH 7.4) 
0.2 M solution of sodium cacodylate (labelled as cacodylic acid 
sodium salt) was prepared by dissolving 4.28 g of the salt in 100 ml 
of deionized water. An 0.2 N hydrochloric acid solution was also 
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prepared. About 50 ml of the former solution was mixed with 
2.7 ml of hydrochloric acid solution. The final mixture was diluted 
to 100 ml to obtain 0.1 M cacodylate buffer of pH 7.4. 
iii) Buffered Osmium tetroxide (2%) 
Osmium tetroxide (496) 5 ml 
Cacodylate buffer (0.2M) 5 ml 
One gram capsule of osmium tetroxide (OsO )^ was carefully 
broken in a hood over a jar containing 50 ml of distilled water. 
It was allowed to dissolve overnight and then stored in a refrigerator. 
iv) Plastic Embedding medium (Mollenhauver, 1964) 
(a) Stock Mixture 
Epon 812 25 ml 
Araldite 15 ml 
Dibutyl phthalate (DBP) 3 ml 
The above components were thoroughly shaken for proper 
mixing. 
(b) Working Mixture 
Stock mixture 9 ml 
Dodecenyl succinic anhydride (DDSA) 11 ml 
2,4,6-tridimethyl-aurinomethyl 
phenol (DMP-30) 30 drops 
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The DBP is called 'plasticizer' and it controls the hardness 
of the final block. DDSA is the 'hardner' and DIVlP-30 the 
'accelerator'. 
(v) Uranyl acetate (Watson, 1958) 
Uranyl acetate 0.5 g 
Deionized water upto 100 ml 
The above solution was prepared in a 250 ml conical flasi<. 
The mixture was shai<en several times and was i<ept overnight for 
complete dissolution. It was then filtered through a filter paper 
and was stored in a glass-stoppered bottle in a refrigerator. 
(vi) Lead citrate (Reynolds, 1963) 
1.33 g lead nitrate [Pb(N03)2], 1.76 g sodium citrate (Na^CgH^O^; 
2H»0) and 30 ml deionized water were placed in a 50 ml volumetric 
flask. These were shaken intermittently for 1 min. After about 
30 min., 8.0 ml 1 N NaOH was added. The suspension was then 
diluted to 50 ml with deionized water and mixed by inversion. 
The resulting solution had an average pH at around 12. 
Procedure 
For transmission electron microscopy, the parts of the monkey 
brain already fixed by perfusion method were trimmed to small 
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pieces. The tissue was washed in the same fixative, with 2-3 quici< 
changes, in order to wash out any adherent particles sticking on 
the cut surfaces. Small pieces of individual parts of the brain 
were separately kept overnight in Karnovsky's fixative. They were 
then washed in 0.1M cacodylate buffer (pH 7.4) for 1 hr. and postfixed 
in buffered osmium tetroxide for 1 to 3 hrs. The tissues were 
run in different grades of ethanol according to the following schedule: 
3096 ethanol 10 min. 
50% ethanol 10 min. 
70% ethanol 10 min. 
80% ethanol 10 min. 
90% ethanol 15 min. 
95% ethanol 30 min. 
Absolute ethanol (2 changes) 30 min. each 
Absolute acetone (2 changes) 30 min. each 
Following dehydration the brain tissues were embedded, at 
room temperature (23° +_ 1°C), in a working plastic mixture according 
to the following schedule: 
2:1 absolute acetone and plastic mixture 60 min. 
1:2 absolute acetone and plastic mixture 60 min. 
Pure plastic mixture 60 min. 
The pieces were transferred to fresh plastic mixture in a polythene 
trough, and kept overnight in an incubator at 60°-70°C for curing 
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and polymerization of plastic. The blocks were ready for section 
cutting after two days. 
Cutting of Ultrathin sections (LKB-Ultratome m) 
After trimming of the blocks, 1 to 2 u thick sections 
were cut on a LKB-Ultratome III using glass knives made with LKB-
Knife maker device. The sections were stained with toluidine blue 
solution and the features identified in an optical microscope. The 
desired specific areas were selected and final trimming of the blocks 
was carried out. Ultrathin sections were cut in an ultratome (automatic 
and thermal feed), fitted with knives mounted on a metallic board. 
Ultrathin sections of silver grey coloured tissues were finally obtained. 
The ribbon were spread by slowly manipulating a soft thin wooden 
bar soaked in toluene for a few minutes. The ribbons ' were found 
wrinkle free with smooth shining surfaces when viewed under the 
fluorescent lamp. 
Picking the ribbon of sections on uncoated copper grids 
The new copper grids (300 mesh) were first cleaned by 
immersing them in 1 N hydrochloric acid for 3 to 4 min. They were 
thoroughly washed with deionized water, a few rinses in absolute 
ethanol were finally given. For picking up the ribbons, a clean 
copper grid was held with a fine forceps and bent in a way so 
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as to make an obtuse angle with the forceps. Kept in the same 
position, it was gently immersed in surface of the grid which was 
kept with its face in an upright position. The grid from its side 
was then touched to one end of the ribbon; and with the help of 
an 'eye-lash' the entire ribbon was picked up over the grid. The 
grid was then taken out of the water with gradual tillting and given 
several rinses in clean, deionized water. Excess water was drained 
off by touching the grid on the surface of a piece of blottig paper. 
After drying, the grids were immediately stored in a grid-box. 
Staining the Ultrathin sections on the grid 
About two drops of uranyl acetate were placed on a parafilm 
M sheet. Due to hydrophobic nature of the sheet material, the 
stain drops remained well organized. The copper grid was taken 
from the grid-box, keeping its shining surface with the loaded ribbon 
face down. The grid was later floated over the stain 'drop' and 
covered with a petri-dish. After 15 min. the grid was removed 
and washed carefully with deionized water to remove any excess 
of stain. The grid was similarly transferred over a 'drop' of lead 
citrate and stained for 4 to 5 min. After this, the grid was washed 
again for a few minutes with deionized water. The excess water 
was drained off and after drying the grid was ready for examination 
in a transmission electronmicroscope. 
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Viewing sections in a transmission electron microscope 
The grid (with stained ribbons) was placed in the specimen 
holder, and inserted into stage via the specimen airlock. They 
were examined in a Philips Transmission Electron Microscope. After 
switching on the beam, a low scanning magnification was used to 
see all the parts of the specimen. The interesting regions of the 
spicemen were located, and moved to the centre of the screen. 
Appropriate magnifications were used for obtaining photomicrographs. 
A check was made that the whole region to be photographed occupied 
the area of the plate formet (marked on the viewing screen). Prior 
to exposing sheet films, a proper focussing was obtained, ensuring 
a stationary image with uniform illumination. The exposed photographic 
films were removed from the electron microscope, and chemically 
processed to obtain good quality electron micrograph prints. 
3.4 PHOTOGRAPHIC APPARATUSES AND TECHNIQUES 
Films and Plates 
The films used for general photographic work and for 
light photomicrography were of 'ORWO' brand, 35 mm Roll films 
of 400 and 125 ASA (American Standard Association) available locally. 
For transmission electron microscopy, FUJI-orthochromatic sheet 
films (JAPAN) were used. Konica Colour films were used for Colour 
photography. 
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Photographic Paper 
The Photographic printing paper of single weight thickness 
was obtained from Agfa-Brovira. The bromide emulsion alongwith 
contrast grades, (soft and normal) and other hardware for negatives 
was of different densities. 
3.5.1 EXTRACTION OF LIPIDS FROM DISCRETE BRAIN AREAS 
Different parts of the brain (50-200 mg) were homogenized 
in a glass homogenizer (2:1, v/v) according to the method of Folch 
et al. (1951). Each homogenate was shaken periodically for an 
hour and filtered through sintered glass funnel (G-4) under vacuum. 
The residue of each test tube was again homogeniz-ed with 2 ml 
chloroform-methanol and filtered. The test tubes were rinsed with 
fresh chloroform-methanol and again filtered. The final volume 
of each extract was made upto 1 ml with fresh chloroform-methanol 
mixture. About 2.5 ml of normal saline solution was added to 
the extract in each test tube (4:1, v/v). The tubes were shaken 
vigorously on cyclo-mixer for complete mixing, and placed overnight 
at -20°C in a deep freeze for complete separation of the two layers. 
The junction of the two layers in each test tube was marked. 
The upper layer was used for estimation of gangliosides. The 
lower layer was collected in stoppered tubes with the help of a 
syringe and stored at -20°C until used. The test tubes showing 
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clear separation of the two layers were allowed to dry, while the 
volume of the lower layer in each tube was measured. This extract 
was used for the estimation of total lipids, phospholipids and cholesterol. 
3.5.2 ESTIMATION OF THE TOTAL LIPIDS 
Total lipids were estimated according to the method of 
Woodman and Price (1972), Briefly, the procedure was as follows: 
i) Preparation of Standard Solution 
Standard solution of 0.5 mg brain lipids/ml of chloroform-
methanol (2:1) was prepared by diluting 1.0 ml refrigerated stock 
solution (50 mg brain/10 ml chloroform-methanol) in a 10 ml standard 
flask and the volume made up to 10.0 ml with chloroform-methanol 
(2:1, v/v). 
ii) Colouring Reagent 
About 6.0 g Potassium dihydrogen orthophosphate and 0.3 g 
vanillin were dissolved by heating in a 100 ml volumetric flask 
and the volume made upto 100 ml with double distilled water (DDW). 
iii) Sulfuric Acid (Cone.) A.R. Grade 
iv) Brain Lipids 
Lipids were isolated from the mice brain according to 
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the technique described earlier (Folch et al., 1951). The extract 
was dried by vacuum rotatory evaporator at 40°C. The dried lipid 
preparations were stored at 4°C. 
v) Procedure 
About 0.1 ml of duplicate brain extract and a duplicate 
set of standard with 50 to 500 /ug of brain lipids were dispensed 
in 18 X 150 mm Corning test tubes. Each tube after recieving 
2.5 ml cone, sulfuric acid was heated in boiling water bath for 
20 min. After cooling, 5.0 ml colouring reagent was added and 
the absorption read at 530 nm after 10 min. against a reagent 
blank on a Beckman DU-6 Spectrophotometer. 
Calculation 
C X V Total lipids (mg/g fresh weight) = Vt X Wt 
where, C = Concentration of lipid in ug in 0.1 ml brain extract. 
V = Total volume of lower layer 
Vt = Volume taken for estimation 
Wt = Fresh weight of the tissue in mg. 
The above formula was used also for calculating the concentra-
tion of phospholipids and cholesterol. 
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3.5.3 PHOSPHATE ESTIMATION 
Phosphate was estimated by the method of Fiske and 
Subbarow, as described by Marinetti et al. (1962). 
Reagents 
i) A standard solution of 0.01 mg inorganic phosphate/ml 
was prepared by diluting 5.0 ml refrigerated stock solution 
(0.438 g KH2PO4/5OO ml DDW) in a 100 ml standard flask 
with DDW. 
ii) Perchloric acid 70% A.R. 
iii) Ammonium molybdate solution 2.5%. 
iv) Reducing Reagent 
Reducing reagent was prepared by dissolving 3.0 g sodium 
bisulphite, 0.6 g sodium sulphite and 0.05 g recrystallized 
1-amino-2-napthol-4-sulphonic acid (ANSA) in 25 ml DDW. 
A slightly yellow solution thus obtained was stored in amber 
coloured bottle. The colour remained stable for about 
a week at room temperature. 
v) Recrystallization of ANSA 
About 15.0 g sodium metabisulphite, 1.0 g sodium sulphite 
(anhydrous) and 1.5 g crude ANSA were dissolved in 100ml 
DDW by heating in a boiling water bath. Hot solution 
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was filtered through the filter paper. One millilitre (cone.) 
HCl was added in the filtrate and stirred. Precipitate 
was filtered with a suction pump, washed in about 30ml 
DDW. Final washings were carried out with several rinses of 
alcohol till it appeared colourless. This purified ANSA 
was dried in an oven at 100°C for 1 hr. with least possible 
exposure to light and was transferred to an amber coloured 
bottle. 
vi) Procedure 
Two samples each containing about 0.2 ml brain lipid extract 
(lower layer) were placed in 18 x 150 mm Corning test tubes. 
The solvents from the tubes were dried up by heating in a boiling 
water bath. One millilitre AR grade 70% perchloric acid was then 
added to the samples, after which they were heated on a digester 
for 30 min. or until the sample become clear. After complete 
digestion, the samples were cooled to room temparature. Subsequently, 
1.5 ml ammonium molybdate, 0.2 ml reducing reagent and 7.0 ml DDW 
were added with vigorous shaking following each addition. The 
test tubes were heated again in a boiling water bath for 7 min. 
After 30 min, the colour intensity was read at 700 nm. A calibration 
curve was plotted with 1 Aig to 8 /Ug of phosphorus and 1.0 ml 
perchloric acid. A blank solution containing 1.0 ml perchloric acid 
alone was also prepared. 
60 
vii) Calculation 
The absorption of light being a linear function of the 
phosphorus content in a solution, its concentration in an unknown 
sample can be calculated as directly proportional to the absorbance 
obtained from the standard solution. The amount of phospholipid 
was calculated by multiplying with a factor of 25. 
3.5.4 ESTIMATION OF CHOLESTEROL 
Cholesterol was estimated by Lieberman-Butchard reaction 
as described by Bloor et al. (1922). 
Reagents 
i) Standard 
Cholesterol standard (1.0 mg/ml) in chloroform was prepared 
by diluting 1.0 ml refrigerated stock solution of recrystallized 
cholesterol (100 mg/10 ml chloroform) in a 10 ml standard flask 
and the volume made up to 10.0 ml with AR grade chloroform. 
ii) Colouring Reagent 
About 50 ml of AR grade acetic anhydride was first placed 
in a deep freeze for 1 hr. and then 5.0 ml cone, sulfuric acid (AR) 
was added to it drop by drop with constant stirring. The reagent 
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was allowed to stand for another 10 min. before using it. This 
reagent was prepared fresh for each use. 
iii) Procedure 
About 0.5 ml of brain lipid extract was dispensed in 15x125 mm 
screw capped culture tubes. To each tube 4.5 ml chloroform (AR) 
and 1.0 ml colouring reagent were added and mixed well. The 
tubes were kept in dark at 25°C for 30 min. The absorbance was 
read at 660 nm against a reagent blank. A calibration curve with 
different concentrations of cholesterol (100-800 /ug) was plotted 
as per procedure described above. 
3.5.5 ESTIMATION OF GANGLIOSIDES 
Gangliosides were estimated according to the method of 
Pollet et al. (1978). The procedure was as follows: 
Reagents 
i) Standard solution 
A standard solution of 100 ug N-acetyl neuraminic acid 
(Sigma Chem. Co., U.S.A.)/ml of DDW was made by diluting 1.0 ml 
of the refrigerated stock solution (10.0 mg N-acetyl neuraminic 
acid dissolved in 10 ml DDW) to a final volume of 10.0 ml in DDW. 
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ii) Resorcinol Reagent 
It was prepared by mixing 10,0 ml of 3 96 resorcinol solution in 
DDW, 80 ml cone. HCl, 0.25 ml 0.1 M copper sulphate and DDW 
upto 100 ml. 
Procedure 
To the 2.0 ml upper layer lipid extract sample 2.0 ml 
of resorcinol solution was added. The test tubes were heated on 
a boiling water bath for 30 min. After cooling, 5.0 ml of a mixture 
of n-butyl acetate-n-butanol (85:15, v/v) was added to each tube. 
The tubes were shaken thoroughly and kept for 15 min, to separate 
the organic phase. About 3-4 ml of the organic phase was taken 
and the absorbance measured at 580 nm against a reagent blank. 
A standard curve with different concentrations of N-acetyl neuraminic 
acid (5-30 /ug) having 2.0 ml final volume of DDW was plotted by 
the procedure described earlier. 
Calculation 
C x V Gangliosides (mg/g fresh wt.) = vTlTvVt 
where C = Concentration in ug in 2.0 ml extract 
V = Total volume of the upper layer 
Vt = Volume taken for the estimation 
Wt = Fresh weight of the tissue in mg. 
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3.5.6 Determination of the Rate of Lipid Peroxidation 
The amount of malonaldialdehyde formed/30 min. during 
lipid peroxidation was estimated according to the procedure of Utely 
et al. (1967) described below : 
i) 0.15 M Potassium chloride 
2.2368 g KCI dissolved in 200 ml DDW. 
ii) 10% (w/v) Trichloroacetic acid 
10.0 g TCA dissolved in 100 ml DDW. 
iii) 0.67% 2-thiobarbituric acid (TBA) 
This was prepared by dissolving 0.67 g TBA in 25-50 ml DDW 
by adding two pellets of NaOH. The pH of the solution 
was adjusted to 7.2 with the help of IN HCl and the volume 
was made upto 100 ml with DDW. 
Procedure 
Different parts of the brain were homogenized (10% w/v) 
in chilled 0.15 M KCI. One ml of each homogenate was taken 
in a 25 ml conical flask and incubated at 37 ± 1°C in a metabolic 
shaker (120 strokes/min; amplitude 1 cm) for 2 hrs. Thereafter, 
1.0 ml of the above homogenate was pipetted in centrifuge tubes 
in which protein was precipitated by the addition of 1.0 ml of 10% TCA. 
After incubation, 1.0 ml of 10% TCA was added to each sample and 
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both the incubated as well as non-incubated samples were centrifuged 
at 3000 rpm for 10 min. One ml of the clear supernatant was 
mixed with 1.0 ml of 0.6796 TBA and 1.0 ml DDW and the tubes 
placed in a boiling water bath for 10 min. The tubes were later 
cooled and the colour absorbance read at 535 nm. 
Calculation 
Lipid peroxidation was calculated by using the following 
formula : 
^ ^ OD X 30 X 1000 X 1000 x 1000 x 3 x 2 
or X = 
1.56 X 100000 X 1000 x 180 
OD X 10 
1.56 
where, X = nanomoles of malonaldialdehyde formed/30 min. 
OD = Change of optical density at zero hour and 2 hour 
incubation of the same sample. 
3.5.7 :.PREPARATION OF TISSUE HOMOGENATE AND SUB-CELLULAR 
FRACTIONS 
The infected mice were sacrificed on reaching peak parasi-
taemia, and the brain specimens were quickly removed and weighed. 
The brain samples were then homogenized (1096 w/v) in cold 0.15 M 
aquous potassium chloride using a glass Teflon Polter Elvehjem 
Homogenizer. Mitochondria, microsomes and soluble fractions were 
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prepared according to the method of Schneider &: Hogeboon (1950) 
using a Beckman Ultracentrifuge. Mitochondrial and microsomal 
fractions were finally suspended in cold KCl to a volume of 1.5ml 
per gram tissue homogenate. 
3.5.8 ESTIMATION OF HYDROPEROXIDES 
Hydroperoxide was estimated by the method of Mair and 
Hall (1975). 
Reagents 
1) Potassium chloride (.15M) : 2.2368 gm of KCl was dissolved 
in double distilled water and the volume made upto 200 
ml. 
2) Trichloroacetic Acid (20%; w/v) : 20.0 gm of TCA was 
dissolved in double distilled water and the volume adjusted 
to 100 ml in a volumetric flask. 
3) Ferrous Ammonium Sulphate (10 mM) : 97.72 mg of Ferrous 
Ammonium Sulphate was dissolved in double distilled water 
and the volume made upto 25.0 ml. 
4) Potassium thiocyanate (2.5 M) : 6.11 g of KCNS was dissolved 
in double distilled water and the volume made upto 25 ml 
in a volumetric flask. 
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Procedure 
Two ml of each sub-cellular fraction was taken in small 
sized test tubes. Samples were treated with 1.0 ml of 2096 TCA 
and were placed in centrifuge tubes and then spinned at 14000 rpm 
for 30 min. in cold. One ml of the clear supernatant was mixed 
with 0.2 ml of 10 mM ferrous ammonium sulphate and 0.1 ml of 
2.5 M potassium thiocyanate. The tubes were shaken thoroughly, 
kept for 10 min. and the absorbance of the pink coloured solution 
read at 480 nm against a reagent blank. An appropriate standard 
of cumin hydroperoxide (4 nM) was simultaneously run. 
Calculation 
X x 4 x 2 5 x 10 
—CO 1—^~o ~ riM of cumin hydroperoxide per gm 
D o X I X Z 
tissue, 
where, X = O.D. 
4 = Standard (n.M cumin hydroperoxide) 
2.5 = Total volume of aliquot prepared after addition of 
homogenate and TCA 
68 = Reading of standard (i.e. 4 nM cumin hydroperoxide) 
10 = (10% Homogenate w/v) 
1 = Volume of homogenate taken. 
2 = Initial volume of homogenate taken for precipitation. 
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3.5.9 ESTIMATION OF LIPID PEROXIDES 
Lipid peroxide contents in the tissue were estimated according 
to the method of Okkawa et aL (1978). 
Reagents 
1) Potassium Chloride (0.15M) : 1.1184 g KCl was dissolved 
in double distilled water and the volume made upto 100 ml. 
2) Sodium Dodecyl Sulphate (8 96) : 2 g of SDS was dissolved 
in double distilled water in a 25 ml volumistric flask and 
the volume adjusted. 
3) Acetic Acid : A 20% Acetic acid solution was made according 
to the purity of acetic acid. 
4) 2-Thiobarbituric acid (0.8%) : This was prepared by dissolving 
0.8 g of TBA in double distilled water. Two pellets of 
sodium hydroxide were added to it and the final volume 
made upto 100 ml in a volumetric flask. The pH of the 
solution was adjusted to 7.2 with HCl (IN). 
Procedure 
0.2 ml of each sub-cellular fraction having about 3 mg 
to 10 mg protein was mixed with 0.2 ml sample of an 8% aqueous 
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SDS. Subsequently, 1.0 ml of 20% acetic acid was mixed in the 
above reaction mixture, the pH of the mixture was adjusted at 
4.0 using concentrated sodium hydroxide solution. After adjusting 
the pH of the reaction mixture, 1.5 ml of 0.896 TBA solution and 
sufficient amount of distilled water was added to a final volume 
of 4.0 ml. Then the reaction mixture was incubated in a boiling 
water bath for 1 hr. The reaction mixture was then centrifuged 
at 10,000 rpm for 15 min. A clear supernatant obtained after 
centrifugation was used for measuring the absorbance at 532 nm. 
An appropriate standard made up of malondialdehyde (MDA, 2.5 nM) 
was run simultaneously. 
Calculation 
^ ^ ^'^ ^ ^° = n M of MDA/g tissue 
168 X 0.2 
where, X = O.D. 
2.5 = n M of MDA 
168 = reading of 2.5 n M MDA 
10 = (10% Homogenate) (w/v) 
0.2 = volume of the sub-cellular fraction 
3.5.10 ESTIMATION OF SUPEROXIDE DISMUTASE ACTIVITY 
Superoxide dismutase activity was determined by the method 
of McCord and Fridovich (1969). 
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Reagents 
1) Potassium Chloride (0.15M) : 2.2368 gm of KCl was dissolved 
in double distilled water and the volume adjusted to 200 ml 
in a volumetric flask. 
2) Ammonium Sulphate 
3) Tetra Sodium Pyrophosphate (20.4 mM) : 454.9 mg of 
Na.P„0„10H„0 was dissolved in double distilled water 4 2 7 2 
and the volume made upto 50 ml. The pH was adjusted 
to 8.2. 
4) Nitrotetrazolium Blue (1.5 mM) : 32.138 mg of Nitrotetra-
zolium blue was dissolved in pyrophosphate buffer (pH 8.2) 
and the volume made upto 25 ml in a volumetric flask 
with buffer. 
5) Phenazine Methasulphate (0.93 mM) : 2.8 mg phenazine 
methasulphate was dissolved in 100 ml pyrophosphate buffer. 
6) Nicotinamide adenine dinucleotide (2.34 mM) : 45.708 mg 
NADH was dissolved in 25 ml of pyrophosphate buffer 
(pH 8.2) in a volumetric flask. 
7) Acetic acid 'AR' grade. 
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Procedure 
Two ml of homogenate was dispensed in centrifuge tubes. 
The tubes were placed in a refrigerated centrifuge and spinned 
at 10,000 X g for 15 min. To the supernatant from each sample, 
313 mg/ml ammonium sulphate was added to the final concentration 
of 50%. The tubes were then shaken thoroughly and kept for 4 hrs. 
in cold (4°C). Thereafter, the tubes were centrifuged at 14,000 x g 
for 30 min. at 4°C. The supernatant sample was dialysed against 
cold triple distilled water with three changes, each after three 
hr. interval. The contents of the dialysis bags were subsequently 
used as enzyme source. Later, the two reaction set ups were run 
in parallel. The tubes in first set up (experimental) recieved 0.3 ml 
Nitrotetrazolium blue, 0.2 ml phenazine methasulphate, 1 ml pyrophos-
phate buffer, 1 ml triple distilled water and 0.2 ml enzyme source. 
The second set up (reference) tubes, received all the above reagents 
minus the enzyme source. The .reaction was started simultaneously 
in the two sets by the addition of 0,2 ml NADH. After an interval 
of 60 sec, 1 ml of glacial acetic acid was added to each tube 
for checking the reaction, then 0.2ml enzyme source was added in 
the reference tubes. The absorbance in these tubes was read at 
560 nm on a spectrophotometer against a blank (NBT + PMS + buffer + 
TDW). 
71 
Calculation 
Difference between P.P. (experimental-reference) x 2000 
Experimental reading x protein in ug. 
= units/mg protein 
One SOD unit was defined aa the reduction in O.D. of 
nitrotetrazolium blue by one iialf/per mg of protein. 
3.6.1 ANTIGEN ISOLATION 
The method of Spira and Zukerman (1962) was followed 
for harvesting the parasites. Blood from the animal at peak parasi-
taemia containing mainly schizonts, was collected in ACD by cardiac 
puncture under anaesthesia (pentabarbitone sodium). The pooled 
cells were v;ashed by centrifugation in chilled normal saline. The 
buffy coat containing leukocytes, plasma and platelets was discarded 
and the sediment consisting of normal and parasitized erythrocytes 
pooled. The pooled blood was washed four times by centrifugation 
at 1500 rpm for 10 min. at 4°C. The washed erythrocytes were 
incubated for 10 min. in an equal volume of saponin ( o.02 % in 
normal saline) with continuous stirring in an ice-bath. The lysate 
was centrifuged at 1500 rpm for 10 min. at 4°C. The supernatant 
was discarded while the pellet was again washed 3-4 times with 
chilled normal saline, for removing the erythrocyte debris. After 
final washing, the pellet consisting of malaria parasites was suspended 
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in chilled normal saline, or 0.25 M sucrose solution. 
3.6.2 ISOLATION OF PARASITES 
The isolation of parasites was carried out on Histopaque 
(Sigma Chemical Company, U.S.A.). The Histopaque was dispensed 
in a centrifuge tube. An equal volume of washed parasite suspension 
was layered on it. The tubes were centrifuged at 2500 rpm for 
30 min. at 4°C. The released parasites appearing in a brov/n band 
at the interphase were withdrawn carefully with the help of a pasteur 
pipette. The isolated parasites were washed twice and resuspended 
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in normal saline (0.154 M NaCl) at a concentration of 2 x 10 
parasites/ml. These antigen preparations were stored at -70°C. 
3.6.3 PURITY OF THE PARASITES OBTAINED FROM THE INTERFACE 
The parasites obtained after density gradient centrifugation 
were microscopically checked for any possible RBC contaminants. 
The parasite smears were dyed with Leishman stain. The examination 
procedure was the same as used for blood smears. The slides were 
examined under a microscope in oil immersion. 
3.6.4 FURTHER PROCESSING OF THE ANTIGEN 
The parasite suspension was subjected to ultrasonication 
for the disruption of parasites. The ultrasonication v/as performed 
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in 3 stretches for a total of 6 min. in a 50 watt, 9 KC magnetostriction 
oscillator. The suspension thus obtained was used as such in immuniza-
tion experiments. 
3.6.5 PURITY OF THE ISOLATED ANTIGEN 
The purity of the antigen preparation was checked by 
eletrophoretic method. 
Polyacrylamide Gel-Electrophoresis (PAGE) 
Polyacrylamide gel electrophoresis was carried out for 
checi<ing the purity of isolated antigen preparation against RBC 
contaminants. The method of Laemmli (1970) was followed for 
this experiment. 
Preparation of Reagents 
(A) Stock Solutions 
1. Reservoir Buffer : It was prepared by combining 
Tris-(Hydroxymethyl)-aminomethane GR 3.0 g 
Glycine 14.4 g 
Distilled water 1000 ml 
The pH of the above solution was adjusted at 8.3 with 
1 N HCl and stored at 4°C, until used. 
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2. Acrylamide solution : 
Acrylamide 30 g 
N'N'-methylene bisacrylamide 0.8 g 
Distilled water 100 ml 
The solution was stored at 4°C until used. 
3. Lower Tris 
1.5 M tris (hydroxymethyl) - aminomethane GR solution 
in distilled water was prepared and the pH adjusted at 8.8 with 
1 N HCl. The solution was diluted 4 times before use. 
4. Upper Tris 
0.5 M Tris-(hydroxymethyl)-aminomethane GR was made 
in distilled water and the pH adjusted at 6.8 with 1 N HCl. This 
solution was diluted 4 times before use. 
5. Sample Buffer 
10% sucrose solution was prepared in upper tris buffer. 
This also contained 0.022% bromophenol blue. 
6. Staining Solution 
Coomassie blue (R-250) 0.1 g 
Methanol 25 ml 
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Acetic acid 10 ml 
Distilled water 70 ml 
The above solution was filtered immediately before use. 
7. Destaining Solution 
Acetic acid 70 ml 
Methanol 250 ml 
The mixture was diluted to 1 litre with distilled water. 
(B) Working Solution 
These solutions were made on the day of setting up the 
experiment. 
1. Ammonium Persulphate Solution 
A 10 96 ammonium persulphate solution was prepared in 
distilled water. 
2. Lower-Gel Solution 
A 7% polyacrylamide gel was prepared immediately before 
use. The solution was prepared as follows : 
Distilled water 20.4 ml 
Lower tris-HCl (diluted) 10.0 ml 
Acrylamide solution (30%) 9.38ml 
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Ammonium persulphate 0.28ml 
N', N', N', N'-tetramethylenediamine (TEMED) 15 A 
3. Upper-Gel Solution 
The solution v/as prepared as follows 
Distilled water 3.25ml 
Upper tris-HCl (diluted) 1.25ml 
Acrylamide solution (30%) 0.50ml 
Ammonium persulphate solution 15 X 
N', N', N', N'-tetramethylethylenediamine (TEMED) 15 N 
4. Preparation of Sample 
The antigen samples were adjusted to a concentration 
of about 1 mg protein/ml in the sample buffer. 
(C) Procedure 
The clean and dimethyldichlorosilane treated PAGE tube 
(10 cm X 0.6 cm) were positioned vertically. A 7% lower gel solution 
was transferred to the tube upto a 8 cm height. On top of the 
solution, v;ater was layered in such a way that gel was not disturbed, 
the tubes were allowed to stand for 40 min for polymerization. 
Then the water layer was removed and the upper gel solution layered 
upto a height of 1 cm. The water was again layered on top of 
it, and the tubes left undisturbed for 60 min. These tubes were 
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held in their respective positions in electrophoresis chamber. A 25 /ul 
sample was loaded into each gel tube. The test was run at 
4 milliamps/gel tube for 6 hrs. The gels were removed from the 
tubes by squirting water from a syringe between the gel and the 
glass wall. 
(D) Staining and Destaining of the Gel 
The centre of the bromophenol blue dye front was marked 
with a piece of fine wire. The gels v;ere immersed in the staining 
solution and left overnight. The destaining was carried out electro-
phoretically in the destaining solution, or by diffusion against several 
changes of destaining solution. y^^^^ 
3.6.6 BIOMOLECULE ESTIMATIONS ^ ^ I T ^ \ ^ "Bs ]^^ 
(1) Protein Estimation '^^T^^jt/OfW'^' 
Protein was estimated by Lowry's method (Lowry et al.,1951). 
(a) Preparation of Folin's-phenol reagent 
Folin's phenol reagent was prepared according to the method 
of Folin and Ciocalteu (1927). The reagent contained; 
100 g sodium tungstate 
25 g sodium molybdate 
50 ml phosphoric acid (85%) 
100 ml concentrated hydrochloric acid 
.5r 
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A 1.5 litre capacity round bottom flask was used to dissolve 
tiie above constituents in 700 ml distilled water. The contents 
of the flask were refluxed for 10 hrs continuously by using a reflux 
condenser. Subsequently, 150 g of lithium sulphate, 50 ml of water 
and a drop' of liquid bromine were added to the flask. The whole 
mixture was boiled for 15 min to remove excess bromine. The 
mixture was allowed to cool. Finally, the total volume was brought 
to one litre by the addition of distilled water. The above solution 
was filtered and stored until used in a dark brown bottle kept in 
a dark cupboard. 
(b) Preparation of Copper Reagent 
Copper reagent was prepared by mixing 496 sodium carbonate, 
4% sodium potassium tartarate and 2% copper sulphate in the ratio 
of 100:1:1 (v:v:v). 
The calibration curve was plotted using standard solution of 
bovine serum albumin of 100 mg/100 ml strength. About 5 ml 
freshly prepared copper reagent was added to the protein sample. 
After incubating for 10 min at room temperature, 1 ml of 1:4 (v/v) 
distilled Folin's reagent was added. Follov^ing 30 min incubation 
in dark, the colour intensity was measured at 700 nm wave length 
by using a Bausch and Lomb Spectronic-21 spectrophotometer. 
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(2) Carbohydrate Estimation 
Amount of carbohydrates associated with P. knowlesi antigen 
was estimated by using the method of Dubois et al. (1956). 
(a) Preparation of Standard Solution 
10 mg of glucose was dissolved in 100 ml of double distilled 
water. 
(b) Preparation of Phenol Reagent 
Phenol reagent was prepared by dissolving 8 gm of phenol 
in 100 ml of double distilled water. 
An 0.1 ml of antigen or glucose solution was brought upto 
2 ml volume by the addition of double distilled water. Then 1 ml 
of freshly prepared phenol reagent was added. Later, 5 ml of concent-
rated sulphuric acid (95.5%) was added to the above mixture. The 
tubes were shaken vigorously and cooled at room temperature. 
The colour intensity was read at a wave length of 490 nm. 
3.6.7 CHECKING THE ANTIGENICITY OF PARASITE ANTIGEN 
The antigenicity of parasite antigen sample was checked 
against immune sera from P. knowlesi infected monkeys, as 
also from four confirmed cases of P. falciparum postitive malaria 
using indirect haemagglutination (IHA) test. This test was 
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performed according to the method of Mathews et al. (1975). 
Sheep erythrocytes were washed four times with isotonic 
phosphate buffered saline, pH 7.2. After final washing, 0.396 (v/v) 
suspension of erythrocytes was prepared in isotonic phosphate buffered 
saline, pH 7.2. This suspension was mixed with an equal volume 
of 1/20,000 tanic acid and incubated at 4°C for 30 min. with 
intermittent shaking. Tanned erythorocytes were washed thrice 
with PBS-BSA for the removal of free tannic acid and resuspended 
at 3%. Subsequently, an 0.1 ml tanned erythrocytes suspension 
was mixed with an equal volume of diluted antigen and incubated 
at 37°C for 30 min. after intermittent shaking. The antigen coated 
erythrocytes washed thrice with PBS-BSA were used for making 
a 1.5% suspension. 
To each well of the 'U' bottomed microtitre plate, 0,025 ml 
of a serially diluted serum sample from an immune monkey or malaria 
positive human serum was added along with an equal volume of 
antigen coated RBC suspension. The control wells containing tanned 
RBC, normal sera and antigen were included in the test set up. 
The plates were incubated at room tempreture in a humid chamber 
for 1 hr. and then kept overnight at 4°C. The highest dilution 
of the test serum giving a positive carpet like pattern was recorded 
as the titration end point. 
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3.6.8 IMMUNE PROTECTION STUDIES IN VACCINATED RHESUS 
MONKEYS USING MURAMYL DIPEPTIDE AS AN ADJUVANT 
Sixteen rhesus monkeys used in this study were all healthy 
males, weighing around 2-4 kg. These monkeys were divided into 
four immunizing groups, each comprising of 4 monkeys. Group 
I animals were inoculated with whole antigen in combination with 
IVIuramyl dipeptide (WAg-MDP). Each animal in this group received 
a total of 3 mg of antigen and 1.25 mg iVIDP. Monkeys in control 
groups II, 111, IV were inoculated / as MDP, whole antigen and saline 
control animals, respectively. The MDP was administered at the 
rate of 160 Aig/kg body weight. Each animal was given two intra-
muscular injections on each flank at an interval of 21 days. The 
total volume in each injection was made upto 1.5 ml with the addition 
of normal saline. The immunization schedule is shown in Table 1. 
3.6.9 DETECTION OF HUMORAL IMMUNE RESPONSES 
The sera samples obtained from different groups of immunizing 
animals were tested for the presence of specific anti-^. knowlesi 
antibodies by means of IHA and ELISA tests. 
(A) Indirect Haemagglutination Test (IHA) 
This test was done according to the method of Ma'thews 
et al. (1975) as described earlier. 
TABLE 1 
Immunization Schedule 
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Animal Groups* 
Immunization dose (ml) 
1st dose Hnd dose 
I. WAg 0.3 0.6 
MDP 
II. MDP 
III. WAg 
IV. Saline 
0.5 
0.5 
0.3 
1.5 
0.5 
0.5 
0.6 
1.5 
Antigen concentration : I dose - 1 mg/ml 
II dose - 2 mg/ml 
Muramyl dipeptide was administered at tiie rate of 160 Aig/kg body 
weight. 
Total volume of each inoculum was made upto 1.5 ml with the 
addition of N.S. 
All injections were given intramuscularly 
*Each group contained 4 animals 
WAg - Whole antigen 
MDP - Muramyl dipeptide 
N.S. - Normal saline 
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(B) Enzyme Linked Immunosorbent Assay (ELISA) 
This test was performed according to the method of Lin 
et al. (1981) with slight modifications. Anti-monkey IgG alkaline 
phosphatase conjugate used in the test was prepared as follows 
i) Isolation of Immunoglobulin G (IgG) 
Serum v;as separated from the blood of rhesus monkeys. 
The IgG was precipitated at 40% saturated ammonium sulphate. 
The precipitate was v washed three times with distilled water anc 
reprecipitated with ammonium sulphate. Finally, the precipitate 
was dissolved in normal saline and dialysed against normal saline 
and potassium phosphate buffer, pH 6.3. The immunoglobulin G 
was purified on DEAE cellulose anion exchanger according to the 
method of Sober et al. (1956). The protein concentration was estimated 
according to the method of Lowry et al. (1951). 
ii) Production of Anti-monkey IgG 
Three healthy rabbits were immunized with purified monkey 
IgG, intravenously. Control animals were inoculated with saline 
only. The immunization was carried out over a period of seven 
days by giving three inoculations. After the last immunizing dose, 
maximum antibody titres were detected by counterimmunoelectrophoresis 
at weekly intervals. The immunization schedule is shown in Table 2^  
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Counter immunoelectrophoresis was carried out according 
to the method of Bjerrum and Bog Hansen (1976) with slight modifi-
cation. About 3 ml of 0.8 percent agarose gel prepared in 0.025M 
barbital buffer, pH 8.6 containing 0.1 percent sodium azide v/as 
layered over glass slides of 25 x 75 mm size. Agarose was allowed 
to solidify at room temperature and the slides were kept overnight 
at 4°C. A set of 2 mm wide wells (5 mm apart) were punched 
in the agar. Cathodal wells were filled with antigen samples, while 
anti-monkey IgG antiserum samples were filled in the anodal wells. 
Electrophoresis was carried out for 3 hours at a constant current 
supply of 7 mA per slide at 150 volts. After electrophoresis, 
the slides were incubated at room temperature for 4 to 5 hours 
in a humid chamber. After incubation the resolved precipitin bands 
were later recorded. 
The anti-monkey IgG was isolated on DEAE cellulose anion 
exchanger prepared according to the method of Sober et al. (1956). 
About 2 mg of anti-monkey IgG in 1 ml of PBS v;as added to 5 mg 
of alkaline phosphatase and mixed at room temperature. The mixture 
was dialysed extensively against PBS at 4°C. Later, glutaraldehyde 
was added to obtain a final concentration of 0.2% of the above 
mixture and incubated for 1 to 2 hrs. at room temperature. After 
incubation it was dialysed against PBS at 4°C, then against 0.05 M 
Tris (hydroxymethyl) aminomethane buffer (pH 8.0) at 4°C. To remove 
insoluble material, the solution was centrifuged at 5000 rpm for 
86 
10 min. The conjugate was diluted to 4.0 ml with Tris-buffer containing 
0.02 96 sodium azide and 1.096 foetal calf serum. The conjugate 
was stored in the dari< at 4°C until used. 
iii) Preparation of Reagents 
1. Coating buffer 
An 0.05 M carbonate - bicarbonate buffer containing 0.02 96 
sodium azide was prepared in distilled water. The pH of the solution 
was adjusted at 9.6. 
2. Phosphate buffer Saline-Tween 20 
A solution containing 0.154 M PBS containing 0.05 96 Tween 
20 (v/v) was prepared (pH 7.4). 
3. Diethanolamine buffer 
A 1096 diethanolamine containing 0.0196 MgCl^-SH^O and 
0.02 96 sodium azide was prepared (pH 9.8). 
4. Substrate 
One tablet of p-nitrophenylphosphate was dissolved in 5 ml 
diethanolamine buffer and warmed at room temperature. 
The ELISA test was performed in flat bottom microtitre 
plates. The plates were coated with 40 ug antigen protein in carbonate 
87 
buffer and kept overnight at 4°C. The plates were washed thrice 
with PBS/T buffer. Plates were then treated with 0.2 ml BSA solution 
(100 mg/100 ml) for 1 hr. and kept at 37°C. The plates were again 
washed and treated with 0.2 ml of the test serum in each well 
and incubated at 37°C for 2 hrs. and washed again. An 0.2 ml 
anti-monkey IgG alkaline phosphate conjugate (1:100 dilution with 
PBS/T) was added to each well. The plates were washed three 
times vvfith PBS/T. An 0.2 ml substrate was added to each well. 
After 30 min. incubation, the reaction was stopped by adding 0.05 ml 
of 3N NaOH. The colour intensity was measured after 15-20 min. 
at 400 nm wavelength. 
3.6.10 Assessment of Cell-Mediated Immunity 
The delayed type skin hypersensitivity reactions (DTH) 
and Leukocyte migration inhibition tests (LMIT) were employed 
for assessing CMI responses in in-vivo and in-vitro tests, respectively. 
(A) Delayed Type Skin Hypersensitivity Reaction 
Three weeks after complete immunization, all the control 
and test monkeys were skin tested for the appearance of DTH 
reactions. Two days before challenge, all the monkeys v/ere intrader-
rpally injected on the hand with 25 Aig of P. knowlesi whole 
antigen, whereas on a separate site 0.1 ml of normal saline was 
inoculated as a control sample. The test sites were checked at 
6,12,24 and 48 hrs. periods. The diameter of indurated area was 
88 
measured with a Vernier Calipper. 
(B) Leukocyte Migration Inhibition Test (LMIT) 
LMIT was performed according to the method of DeLucca 
et al. (1982). The heparinized blood collected from immunized 
monkeys was incubated at 37°C for 1 hr. with an equal volume 
of 3.6% dextran solution in phosphate buffered saline (PBS, 0.01 M, 
pH 7.2). Leukocyte rich plasma was collected and the leukocytes 
were recovered by centrifugation at 200g for 5 min. The pellet 
was washed thrice with Hanks Balanced Salt Solution (HBSS). The 
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Leukocytes were resuspended in HBSS at a concentration of 4 x 10 
cells/ml. The cell suspension was filled in hematocrit capillaries 
of equal size. The capillaries were centrifuged at lOOg for 4 min. 
Using a sharp blade, capillaries were cut at the cell fluid interface 
and fixed in pyrogen free perspex chambers. The chambers were 
filled with HBSS medium' containing 5% foetal calf serum. The 
medium also contained penicillin, streptomycin and 1.5 ug P_. knov/lesi 
antigen per ml. The antigen was omitted in the control chambers. 
The chambers were covered carefully with coverslips so that no 
air bubble remained in the chambers. The chambers were incubated 
at 37°C for 24 hrs. in a humid box. The area of migration in 
control as well as antigen chamber was recorded on a centimeter 
graph sheet with the help of a Camera Lucida and the area of 
migration calculated. The percentage migration inhibition v>/as calculated 
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as follows 
Area of migration 
% Migration inhibition = 100 - '" ^"^'f" .^^\"?^^^ ^ 100 
^ Area of migration 
in control chamber 
3.6.11 CHALLENGING THE ANIMALS 
Three weeks after the second immunizing dose, the experimen-
tal moni<eys were challenged with lethal doses of live P. knowlesi 
parasites. The inoculum used for challenging each monkey contained 
1.5 X 10 parasitized monkey erythrocytes. The route for all such 
inoculations was intravenous. Blood smears were prepared daily 
from all the animals upto 30th day during post-challenge period 
and observed for the appearance of malaria parasites. Blood samples 
from survivor monkeys were also obtained for estimating the antibody 
levels, and for assessment of cell-mediated responses. 
(1) Detection of Humoral Immune Response 
The serum samples collected during post challenge period 
were tested for the production of specific malaria antibodies by 
indirect haemagglutination (IHA) and enzyme linked immunosorbent 
assay (ELISA) tests as described earlier. 
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(2) Assessment of Cell-Mediated Response 
The delayed type skin hypersensitivity reactions (DTH) 
and macrophage migration inhibition tests (MMIT) were employed 
for the assessment of CiVTI response. 
(A) Skin Test 
This test v/as performed according to the method previously 
described. 
(B) Macrophage Migration Inhibition Test (MMIT) 
Capillary migration inhibition test: was performed according 
to the published procedure of Bloom and Bennett (1971). Each 
immunized monkey was injected intraperitoneally v;ith 40 ml of 
sterilized paraffin. After 48 hrs. the animal was injected, intraperi-
toneally, with around 100 ml Hanks Balanced Salt Solution (HBSS). 
The peritoneum was thoroughly agitated for 5 min. and the peritoneal 
washing collected with the help of a needle attached to a syringe. 
Another portion (100-200 ml) of the medium was added to the opened 
up peritoneal cavity while the peritoneal washing v/as collected. 
The peritoneal exudate cells were kept in a separating funnel for 
4 hrs. Macrophages which settled down were then separated, centrifuged 
and washed three times with HBSS. The macrophages were finally 
suspended in HBSS containing 5% foetal calf serum. Capillaries 
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of equal size and diameter were filled with peritoneal exudate cell 
suspension. One end of these capillaries was plugged with sealase 
clay. The capillaries were cut down at the cell-fluid interface 
and fixed in migration chambers. The chambers were filled with 
HBSS medium containing 5% foetal calf serum, penicillin, streptomycin 
and P^. knowlesi antigen (5 Aig/ml). In control chambers the antigen 
was omitted. The chambers were covered with coverslips, leaving 
no air bubble inside. The chambers were incubated overnight at 
37°C in a humid box. The area of migration in the control, as 
well as the antigen chambers, was recorded on a centimeter graph 
sheet with the help of a Camera Lucida. The percent migration 
inhibition was calculated as below : 
Area of iVIigration 
Q, .-. ,. , u-^-..- -inn in Antigen chamber .„„ 96 Migration Inhibition = 100 - ° x 100 
Area of Migration 
in control chamber 
3.6.12 PATHOLOGICAL STUDIES 
After sacrificing the animals, brain, liver, spleen and kidney 
tissues were excised for sectioning. The organs were fixed in 10% 
formal saline. The slides were stained with iron haemotoxylin and 
eosin (H and E) and later examined microscopically. 
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4.1.1 MAINTENANCE OF P. KNOWLESI 
The _in vivo cell line of the simian malaria parasite, 
_P. knowlesi, was maintained in rhesus monkeys (Macaca mulatta). 
7 
The animals were inoculated, intravenously, with 5.30 x 10 P. knowlesi 
infected erythrocytes obtained directly from infected donors. Thin 
blood films from infected animals revealed the presence of parasites 
in the peripheral blood of infected monkeys from day seven onwards. 
The parasitaemic counts reached to a maximum of about 75-80% 
on day 11. Figure 2 shows a typical course of P_. knowlesi infection. 
Rhesus monkeys were found highly susceptible hosts to 
P. knowlesi parasites. Almost all the animals, if left untreated 
died by post-inoculation day 11. 
The differential parasite counts of the blood films at various 
stages of parasitaemia showed that R knowlesi infection in rhesus 
monkeys was of a synchronous type. An early infection showed 
only rings in the peripheral blood, while with rising parasitaemia 
a large number of schizonts were predominantly present (Figures 3 &: 4). 
In a fully diseased stage the animals were critically ill 
showing hyperthermia. Such animals became pale, weak, anaemic 
and finally stopped taking all food. 
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Figure 3 Photomicrograph of a blood smear from an infected monkey 
showing rings and early trophozoite stages of the parasite 
(x 1000) 
N^,' 
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Pigu,e4 Photomicrograph showing segmen.er and sehizon. stages 
of the parasite (x 1000) 
^ 
\ 
« 
W 
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4.1.2 COURSE OF INFECTION IN MONKEYS HAVING CEREBRAL 
MALARIA 
A primary infection initiated by an intravenous inoculation 
7 
of 5.30 X 10 parasitized erythrocytes in rhesus monkeys, resulted 
in a prepatent period of eight days. Thereafter, the parasitaemia 
increased until it reached to around 4-5 96 on post inoculation day 11. 
Then the parasitaemia declined slightly but in the intervening period, 
three out of five monkeys died on post inoculation day 13. 
4.2.1 GROSS FINDINGS 
Autopsy examination of the test animals revealed marked 
oedema and congestion of the external surfaces of the brain. The 
cut surfaces showed oedema of tissue and congestion of blood vessels 
without haemorrhagic or necrotic changes. The brain tissue from 
the control animals appeared completely normal. 
4.2.2 LIGHT MICROSCOPIC STUDIES 
Light microscopic studies of sections from various parts 
of monkey brain following cerebral malaria showed parasitic infiltration 
in almost all the regions. The studies demonstrated the typical 
features of cerebral malaria viz. brain capillary obstruction, adhesion 
of infected RBCs to the walls of the capillaries and small venules, 
97 
swelling of the vessel endothelium and plugging of the capillaries 
by parasitized and non-parasitized erythrocytes (Figures 5-8). The 
animals which died along with those which were killed exhibited 
similar pathological features. Many parasitized RBCs were seen 
adherent to the endothelial cells. Although there was no thrombosis, 
but capillaries were found packed with parasitized RBCs and in certain 
instances occluded. 
A striking feature was that all parts of the brain were 
involved even through the peak parasitaemia was only 4%. Meningial 
linings of the cerebellum were also infiltrated with parasitized RBCs 
(Figures 9 &; 10). At some places granuloma of parasitized macrophages 
was also observed (Figure 11). An interesting finding was the presence 
of different stages of parasites inside the endothelial cells of the 
capillary vessels (Figure 12) and the deposition of parasites in the 
supporting glial cells of cortex and medulla (Figure 13). Parasitic 
infiltration in the spinal cord was also clearly seen (Figure 14). 
4.3 ELECTRON MICROSCOPIC STUDIES 
The electronmicroscopic studies confirmed most of the 
light microscopic findings. The studies demonstrated parasitic infiltration 
of the blood vessels of cerebrum, cerebellum and choroid plexus 
(Figures 19 <5c 20). Blood vessels contained both parasitized and 
un-parasitized 'erythroc\/tes. Many parasitized erythocytes were 
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Figure 5 Photomicrograph showing parasitic infiltration of cerebellum 
(H & E X 200) 
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Figure 6 Photomicrograph showing parasitic infiltration of capillary 
endothelial cells of cerebrum (H & E x 200) 
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Figure 7 Photomicrograph showing parasite deposits in cerebrum 
(H & E X 40) 
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Figure 8 Photomicrograph showing a capillary of mid-brain studded 
with parasitized RBCs (H & E x 100) 
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Figure 9 Photomicrograph showing parasitic infiltration in the 
meningial lining of cerebellum (H <5c E x 100) 
\^ 
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Figure 10 Photomicrograph showing parasitic invasion of meninges 
(H & E X 40) 
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Figure 11 Photomicrograph showing granuloma comprising of parasitized 
macrophages in cerebrum (H & E x 100) 
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Figure 12 Photomicrograph showing numerous malarial parasites in 
capillary endothelial cells of cerebellum (H <5c E x 1000) 
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Figure 13 Photomicrograph showing parasitic infiltration of a glial 
cell of cerebrum (H & E x 200) 
HP 
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Figure 14 Photomicrograph showing parasite invasion of spinal cord 
(H & E X 200) 
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Figure 15 Electronmicrograph shov/ing parasitized and unparasitized 
erythrocytes (x 1600) 

109 
Figure 16 Electronmicrograph showing parasitized RBC. Note the 
presence of a platelet (P) and a RBC having degenerated 
parasites (dp) (x 2,400) 
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Figure 17 Electronmicrograph showing malaria parasite and RBC 
in capillary lumen. The presence of a merozoite (m) 
is shown in close proximity of the RBC (x 14,000) 

I l l 
Figure 18 Electronmicrograph showing formation of merozoites in 
a RBC (x 31,000) 
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Figure 19 Electronmicrograph showing parasitized RBCs (p) and 
unparasitized erythrocytes in vascular lumen of cerebellum 
(x 19,000) 
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Figure 20 Electronmicrograph showing parasitized and unparasitized 
RBCs in a vessel lumen of cerebrum. The enlarged nucleus 
of the endothelial cell (N) can be observed (x 16,000) 
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found attached to the endothelium (Figure 21), Although there 
was no thrombosis but capillaries were generally found paci<ed with 
parasitized RBCs and in certain instances, occluded. The cytoplasmic 
organelles , looked well preserved. The ependymal lining of the choroid 
plexus showed well developed microvilli, numerous varying shaped 
mitochondria and well maintained long profiles of rough endoplasmic 
reticulum. Numerous collagen bundles with a few fibroblast cells 
were also present (Figures 22 & 23). An interesting finding was 
the presence of numerous macrophages in the vessel lumen of the 
choroid plexus (Figure 24). These were found to be attached to 
the endothelium (Figure 25). Parasitized red blood cells were found 
close to these macrophages alongwith a few platelets (Figure 26 & 27). 
In some instances autophagosomes were found to contain various 
degenerated, parasite stages (Figure 28). The endothelial cells showed 
moderate swelling and the nucleus of these cells vms also found 
to be enlarged (Figure 20). Besides these no other marked changes' 
in the tissue architecture of the brain were observed. 
4.4 LIGHT MICROSCOPIC STUDIES OF P. BERGHEI INFECTED 
MOUSE BRAIN 
Light microscopic studies of the sections from mouse brain 
confirmed parasitic infiltration. Figures 30 & 31 show parasitic 
infiltration of the capillaries of the cerebellum, while Figure 32 
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Figxire 21 Electronmicrograph showing a parasitized erythrocyte 
attached to the endothelial cell (x 24,000) 
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Figure 22 Ependymal lining of choroid plexus. Note the presence 
of well developed microvilli, numerous varying shaped 
mitochondria (M), long profiles of rough endoplasmic reticulum 
(RER), ovoid shaped nucleus (N), numerous collagen bundles 
(C) and fibroblast (F) and blood vessel (BV) (x 2,400) 
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Figure 23 Magnified view of the figure 22. Note the presence of 
mitochondria with high electron density matrix and a 
few lipofuscin pigments (L) (x 7,100) 
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Figure 24 Cross section of choroid plexus. Note the presence of 
a macrophage (M) in the vessel lumen alongwith numerous 
parasitized erythrocytes (P) (x 19,000) 
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Figure 25 Electronmicrograph showing a macrophage attached to 
the endothelial cell lining, few parasitized RBCs (P) are 
present in the vessel lumen (x 3,000) 
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Figure 26 Parasitized RBC present in the proximity of a macrophage 
(x 13,000) 
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Figure 27 Magnified view of a macrophage exhibiting numerous plasma 
membrane infoldings and lysosomes at varying developmental 
stages. A platelet could be seen in close proximity of 
the macrophage (x 7,100) 
i 
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Figure 28 Electronmicrograph showing autophagosomes having different 
degenerated stages of the parasite (x 16,900) 
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Figure 29 Electronmicrograph showing parasitized erythrocyte in 
vessel lumen. Note the presence of numerous mitochondria 
(M) and lipofuscin pigment (L) (x 7,100) 
^r 
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Figure 30 Photomicrograph from cerebellum of mouse brain showing 
plugging of a capillary by parasitized erythrocytes 
(H & E X 200) 
•\^^^^!^^^^^^c^^^t^Siv\W^^^^. 
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Figure 31 Photomicrograph from cerebellum showing parasitic infiltration 
in mouse brain (H & E x 40) 
V 
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Figure 32 Photomicrograph from cerebrum showing parasitic infiltration 
in mouse brain (H & E x 100) 
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shows parasite deposits in the cerebrum. 
4.5 BIOCHEMICAL STUDIES 
Concentration of total lipids was found to be significantly 
reduced in the cerebrum, cerebellum and brain stem (P \ 0.001, 
<^  0.02 and <^0.01 respectively). These results are shown in Table 3. 
The phospholipid levels were also found reduced in all the regions 
of the brain, P \^ 0.001 (Table 4). The cholesterol contents were 
found depleted (Table 5) in the cerebrum and cerebellum (P<( 0.001). 
Further, the gangliosides also showed significantly decreased levels 
(Table 6) in all the investigated regions of the CNS (P < 0.001). 
On the other hand, a remarkable increase in the rate of lipid peroxi-
dation was observed in the cerebrum (P <(.0.02) and brain stem 
(P<^ 0.001) following malarial infection (Table 7). 
Protein, hydroperoxide, lipid peroxide and superoxide dismutase 
levels were also assessed in the whole homogenate, cytosol, mitochon-
drial and microsomal fractions of the control and infected animals. 
Barring cytosol (P <^0.01), there was a significant fall in the protein 
levels, from the infected animals in almost all the fractions (P<:( 0.001) 
as shown in Table 8. There was a marked increase in the hydroperoxide 
contents of all the fractions (Table 9) from the infected group 
(P ^ 0.001). Similarly, all the fractions from the infected group 
of animals, showed a higher lipid peroxide content (P -C 0-001) as 
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seen in Table 10. The SOD activity determined in the post-mitochon-
drial fraction was found depressed (P <^0.01) in the experimental 
group (Table 11). 
4.6 EYE INVOLVEMENT IN CEREBRAL MALARIA 
Histopathological studies of the various regions of eye 
revealed heavy parasitic infiltration of the blood capillaries of the 
eye ball, sclera, choroid and retina (Figures 33-36). The electron-
microscopic studies further showed that infected erythrocytes attach 
to the endothelial cells (Figure 37), although no knob-like protrusions 
were seen on the surface of the infected erythrocytes. The studies 
further revealed occlusion of the blood vessels by sequestrated, 
parasitized erythrocytes (Figure 38). 
4.7 IMMUNIZATION OF RHESUS MONKEYS AGAINST P. KNOWLESI 
USING MDP AS AN ADJUVANT 
4.7.1 ISOLATION OF MALARIA PARASITE 
(a) Leukocyte Removal 
Blood for parasite isolation was drawn from infected monkeys 
at peak parasitaemia. The infected blood was repeatedly washed 
with chilled normal saline and in the process about 8096 of the 
leukocytes were removed (Figure 39). 
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Figure 33 Photomicrograph from sclera showing parasitized RBCs 
in a sub-epithelial capillary (H &: E x 100) 
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Figure 34 Photomicrograph of a section from choroid showing parasite 
deposits (H (5c E X 200) 

140 
Figure 35 Photomicrograph showing parsitic infiltration of a retinal 
blood vessel (H & E x 100) 

141 
Figure 36 Magnified view of the figure 35 (H & E x 400) 
Ml 
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Figure 37 Electronmicrograph showing occlusion (0) of a retinal 
blood vessel by parasitized erythrocytes (PE). Note the 
attachment of infected erythrocytes to the capillary 
endothelial cells (x 12,910) 

143 
Figure 38 Electronmicrograph at a higher magnification showing 
occluded blood vessel by parasitized erythrocytes (x 31,000) 
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Figure 39 Photomicrograph showing an infected blood smear made 
after leukocyte removal (x 1,000) 
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(b) Lysis of the Erythrocyte 
Saponin was used to lyse the infected red blood cells, 
which appeared to lyse almost all the cells (Figure 40). Using 
slow speed centrifugation (1,500 rpm) the red cell debris was removed 
from the lysate. 
4.7.2 PURIFICATION OF PARASITE 
The antigen suspension obtained after slow speed centri-
fugation was purified by passing it through density gradient centrifuga-
tion on Histopaque. The parasites were seen to form a brown layer 
at the interphase while the RBC contaminants appeared in the 
uppermost layer. 
No host erythrocyte contaminants were seen when Leishman 
stained smears of the isolated parasite preparations were observed 
microscopically. Most of the parasites appeared intact. 
The RBC free parasites were further disrupted by ultrasonica-
tion in chilled normal saline (Figure 41). 
4.7.3 PURIFICATION OF THE ISOLATED ANTIGENS 
Polyacrylamidegel electrophoresis (PAGE) 
Isolated antigen and normal monkey erythrocyte preparations 
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Figure 40 Photomicrograph showing an infected blood snnear made 
after saponin treatment (x 1,000) 
w 
^1 
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Figure 41 Photomicrograph showing disrupted P^ . knowlesi parasites 
after sonication (x 1,000) 
• •«»i-
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were run on PAGE. Comparision of bands obtained in PAGE sliowed 
that the antigen preparation isolated by density gradient centrifugation 
was free from any host erythrocyte contaminants (Figure 42). 
4.7.4 ANTIGENICITY OF THE P. KNOWLESI ANTIGEN 
The antigenic potency of the isolated, R knowlesi Vv^ hole 
antigen was checked in indirect haemagglutination (IHA) tests. 
The reactivity of the isolated antigen was evaluated by testing 
the sera from JP. knowlesi infected monkeys, as also from four 
confirmed cases of P. falciparum positive malaria. Using the isolated 
antigen, the antibody titres of P^. knowlesi positive sera ranged 
from 1:64 to 1:512, while of P^ . falciparum positive sera the titre 
values ranged from 1:32 to 1:256. 
4.7.5 BIOMOLECULE ESTIMATION 
Protein concent ration of whole antigen was estimated as 
3.74 mg/ml while the carbohydrate concentration was 0.2 mg/ml. 
The protein : carbohydrate ratio was found as 18.7:1. 
4.7.6 IMMUNIZATION STUDIES 
The _P. knowlesi antigen was employed to immunize rhesus 
monkeys using Muramyl dipetide as an adjuvant. 
149 
Figure 42 Polyacrylamide gel electrophoresis showing : 
a) Normal monkey RBC proteins 
b) V\ knowlesi parasites obtained after electrophoresis 
Mk 
a b 
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Figure 43 Photomicrograph showing parasite clearance from a post-
treated monkey (x 1,000) 
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(a) Estimation of Humoral Immune Responses 
The assaying of humoral immune response in the immunized 
animals was carried out by means of indirect haemagglutination 
(IHA) test and Enzyme linked immunosorbent Assay (ELISA). 
(A) IHA Test 
The highest reciprocal titre value of 512 was found in 
serum samples in the 6th week of immunization. The animal groups 
comprising adjuvant, antigen and saline control showed lower antibody 
titres. These results are shov/n in Table 12. 
(B) ELISA Test 
The ELISA results are given in Table 13. These values 
are shown as biweekly reciprocal titres. In the fourth week of 
immunization, animal groups immunized with VMg-MDP showed 
a maximum titre value of 1024. The adjuvant, antigen and saline 
control groups showed very little rise in the antibody titres. 
(b) Detection of Cell Mediated Immune Response 
For the detection of cell mediated immune response against 
P^. knowlesi antigen, delayed type skin hypersensitivity reaction 
and Leukocyte Migration Inhibition Tests were employed. 
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(A) Delayed Type Skin Hypersensitivity Test 
For determining the magnitude of skin reaction following 
intradermal antigen inoculation, the erythema and induration reaction 
at the test site were measured after 24 and 48 hrs. The animals 
sensitized with WAg-MDP combination showed a well developed 
zone of erythema with induration of 10.8 mm after 24 hrs. of inocula-
tion. The above values declined to 9.6 mm after 48 hrs. of reaction. 
Saline control animals showed a skin reaction of 7.5 mm after 24 hrs. 
These results are shown in Table 14. Figure 44 shows the skin 
reaction sites in sensitized animals. 
(B) Leukocyte Migration Inhibition Test 
The results of Leukocyte Migration Inhibition Tests are 
summarised in Table 15. Animals immunized with WAg-MDP showed 
a maximum migration inhibition of 43.8%. 
4.7.7 PROTECTION STUDIES 
For assessing the extent of protection obtained against 
P. knowlesi infections following immunization with antigen plus 
MDP, the following parameters were used: 
1. Length of prepatent period. 
2. Percentage of animals which become patent following 
cha'llenge. 
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Figure 44 Photograph showing the appearence of a delayed type 
skin hypersensitivity reaction 
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3. Magnitude of peak parasitaemia. 
4. Survival rate during post-challenge period. 
Figure 45 shows the course of P^ , knowlesi infection in 
various experimental and control groups. A maximum prepatent 
period of 12 days was observed in animals immunized with WAg-
MDP combination. The control groups showed a preparent period 
of 6-7 days only. The results are shown in Table 16. 
Following challenge with live parasites, the experimental 
and control groups showed a patent infection. Monkeys immunized 
with WAg-MDP combination showed a survival rate of 50%. Animals 
belonging to the adjuvant, antigen and saline control groups showed 
100% mortality (Table 16). 
The average peak parasitaemia in the animals immunized 
with WAg-MDP was found at around 10.5% only. Average peak 
parasitaemia reached to around 75% in the saline control groups 
(Table 16). 
Humoral and Cell Mediated Immune responses against 
P. knowlesi antigen during post challenge period were also measured. 
Animals immunized with WAg-MDP showed a reciprocal IHA titre 
of 1024 and ELISA of 2048. Figure 46 shows the data on humoral 
immune response in experimental and control groups. 
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Figure 45 Course of P. knowlesi infect ion in the post challenge 
period 
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As far as cell mediated immune response was concerned 
the animals immunized with WAg-MDP showed a skin induration 
of 11.75 mm and a 45% macrophage migration inhibition in the 
presence of antigen. These results are shown in Figure 47. 
4.7.8 HISTOPATHOLOGICAL STUDIES OF IMMUNIZED AND CONTROL 
(INFECTED) MONKEYS FOLLOWING CHALLENGE 
(a) Liver 
Sections from infected control liver revealed normal tissue 
morphology. The central vein and sinusoids were dilated and showed 
presence of pigment. The phagocytic Kupffer cells of the sinusoids 
were found swollen and contained pigment deposits. Hepatocytes 
showed centrilobular necrosis but were pigment free (Figures 48-50). 
The H & E stained sections from liver of immunized animals 
showed normal architecture. The central vein though dilated, was 
found completely devoid of pigment (Figure 51). No pigment was 
seen in the sinusoids and in Kupffer cells which were compressed 
(Figure 52). The hepatocytes appeared normal. 
(b) Spleen 
H & E stained splenic sections from infected control 
animals revealed that normal structure was maintained. There 
was a marked congestion of splenic sinusoids and enormous amount 
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Figure 46 Humoral Immune Response during post challenge period 
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Figure 47 Cell Mediated Immune Response during post challenge 
period 
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Fi^re 48 Section from liver siiowing dilated central vein, hepatocytes 
and sinusoids. Malarial pigment can be seen in the central 
vein and sinusoids. Hepatocytes are free from pigment. 
There is necrosis of some hepatocytes around the central 
vein (H & E X 100) 
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Figure 49 Higher magnification showing pigment in the central vein 
and in the sinusoids (H & E x 400) 
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Figure 50 Section from the liver showing cords of hepatocytes 
separated by sinusoids. The sinusoids show presence of 
large amount of pigment engulfed within Kupffer cells 
and macrophages. Hepatocytes are normal (H &: E x 200). 
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Figure 51 Section of liver showing pigment free central vein and 
sinusoids (H & E x 200) 
i 
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Figure 52 Hepatic sinusoids showing absence of pigment and compressed 
Kupffer cells lying within the sinusoids in higher magnification 
(H & E X 400) 
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of pigment was found in the swollen macrophages (Figure 53). The 
white pulp (Malphigian corpuscle) was completely free from pigment. 
The capsule was found thickened (Figure 54). 
Normal splenic architecture was seen in immunized monkeys. 
The white pulp was hyperplastic and the red pulp completely devoid 
of any pigment (Figure 55). The RBCs of the red pulp did not 
contain malarial parasite (Figure 56). 
(c) Kidney 
H &: E stained sections of kidney from infected control 
animals also showed a more or less normal architecture. The glomeruli 
were enlarged and contained pigment (Figure 57). The area around 
the tubules also contained pigment deposits. The tubules were 
completely atrophied at places while at other areas cloudy swelling 
of the tubules and the epithelial lining cells was observed (Figure 58). 
Sections from the kidney of immunized animals revealed 
no alteration in the structure. Large pigment free glomeruli were 
present throughout the section (Figure 59). The RBCs within blood 
vessels were parasite and pigment free. The lining of the tubules 
exhibited cloudy swelling (Figure 60). 
(d) Brain 
H & E stained sections from cerebellum of infected control 
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Figure 53 Section from spleen showing pigment deposits in the red 
pulp (H <5c E X 100) 
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Figure 54 Section from spleen showing thictcened splenic capsule, 
the red and the white pulp. The red pulp is filled with 
pigment while the white pulp (Malpigian corpuscle) is 
devoid of pigment (H & E x 40) 
t, yj'. 
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Figure 55 Section from spleen showing pigment free red pulp,hyperplastic 
white pulp and trabeculae (H &: E x 40) 
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Figjre 56 Red pulp of spleen showing RBC devoid of parasite pigment 
in higher magnification (H <5c E x 400) 
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Figure 57 Section from kidney shov/ing a single glomerulus having 
malarial pigment within its capillaries in higher magnification 
(H & E X 400) 
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Figure 58 Section from kidney showing presence of pigment in the 
glomerular capillaries and also in the region of the tubules. 
The tubules show cloudy swelling and marked degenerative 
changes (H & E x 100) 
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Figure 59 Section from kidney showing glomeruli, tubules and a 
blood vessel. The glomerular capillaries and the RBC 
within the blood vessel showing no parasite. The tubules 
however, show cloudy swelling (H & E x 100) 
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Figure 60 Section from kidney at a higher magnification showing 
pigment free glomeruli. Tubules show cloudy swelling 
(H & E X 400) 
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animals showed that the blood vessels of cortex and the white matter 
were completely plugged with parasitized RBC (Figures 61 <5c 62). 
But in the immunized moni<eys completely normal cerebellar structure 
was observed. The blood vessels in the cortex and white matter 
revealed un-parasitized RBCs (Figures 63 & 64). 
Histopathological studies of sections from cerebrum of 
infected control animals also demonstrated a normal architecture. 
Numerous blood vessels in the cerebral cortex and the white matter 
revealed heavy infection (Figures 65 & 66). In the case of immunized 
monkeys, un-parasitized RBCs were present in the blood vessels 
of the cortex and medulla (Figure 67). 
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Figure 61 Section from cerebellum showing blood vessels filled 
with parasitized RBCs (H & E x 100) 
' L I 
. « . l 
180 
Figure 62 A complete plugging of a blood vessel with pigmented 
RBC in iiigher magnification (H & E x 400) 
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Figure 63 Section from cerebellum showing a blood vessel containing 
normal RBC (pigment free) (H & E x 200) 
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Figure 64 Section from cerebellum showing parasite free RBCs in 
a blood vessel (H &: E x 200) 
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Figure 65 Section from cerebrum showing numerous blood vessels 
containing parasitized RBCs (H & E x 100) 
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Figure 66 A blood vessel in the cerebrum showing parasitized RBCs 
in higher magnif ication (H & E x 400) 
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Figure 67 Section from cerebrum showing parasite free RBCs 
(II & R X 100) 
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5.1.1 LIGHT MICROSCOPY FINDINGS 
Malaria in itself is a devastating human malaise, but cerebral 
malaria is its most perilous offspring. Cerebral malaria is one 
of the most serious complication of Plasmodium falciparum infection. 
It is defined as an acute infection with diffuse and symmetric 
encephalopathy (Go et al., 1987). Twenty to fifty per cent of deaths 
from falciparum malaria are reported to be due to the involvement 
of central nervous system (Aikawa, 1988). 
Cerebral involvement such as paralysis, ataxia, a comatose 
state, plugging of the capillaries and haemorrhages in the brain 
are clinical and histopathological features of this complication 
(Kamiyama et al., 1987). In the present study an attempt has been 
made to understand and comprehend this serious and often fatal 
complication of malaria. The extent of involvement of brain tissue 
during the course of a laboratory induced cerebral malaria was 
investigated in ?_. knowlesi infected rhesus monkeys. In this research, 
the use of non-human primates was found necessary for making 
meaningful comparisons because of their evolutionary kinship to 
man as manifested in anatomical/behavioural resemblances and other 
specific biomedical similarities. It is because of this close relationship 
that biomedical and behavioural studies of the non-humnn primates 
is able to provide important insights into parallel situations in man 
(WHO, 1988). Furthermore, our earlier studies have demonstrated 
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that JP. knowlesi - rhesus monkey model provides an ideal system 
to investigate the extent of involvement of brain tissue during the 
course of cerebral malaria (Mahdi et al., 1987; Mahdi et al., 1988a; 
Mahdi et al., 1989a, Mahdi et al ., 1989b). 
Light microscopic studies revealed parasitic infiltration 
of virtually all the regions of the central nervous system. These 
studies demonstrated the typical features of cerebral malaria, such 
as brain capillary obstruction, adhesion of the infected red cells 
to the walls of the capillaries and small vessels, swelling of the 
vessel endothelium and plugging of the capillaries by parasitized 
and un-parasitized erythrocytes. In earlier investigations (Miller 
1969 and Jervis et al., 1972) cerebral involvement was demonstrated 
only when parasitaemia reached around fifty per cent. We however 
found an involvement of all the parts of brain, even though the 
peak parasitaemia was only 4%. This latter finding is in agreement 
with the views of Bruce-Chwatt (1985) who observed that there 
is no direct relationship between the degree of parasitaemia and 
the occurrence of cerebral involvement. 
An interesting finding of this investigation is the demonstra-
tion of malaria parasite in the capillary endothelial cells and their 
occasional presence in astrocytes (Mahdi et al., 1989a). This observe -
tion has not been made in any earlier, experimental study of cerebral 
malaria. In the present study on rhesus monkeys infected with 
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R knowlesi, the deposition of dark-staining, minute bodies in the 
cytoplasm of glial cells and capillary endothelial cells is interpreted 
as malarial parasites on the basis of their striking similarity to 
various parasite stages. The presence of such microbodies within 
these cells is certainly a novel observation, although the precise 
mechanism of its entry into the cells which are not normaly considered 
to be host cells for Plasmodia is still obscure. Possibly, this may 
be due to the ingestion of infected red blood cells or to the multiplica-
tion of malaria parasites inside the cells. The latter occurrence 
is suggested by the presence of multiple parasites and the absence 
of degenerative changes. This hypothesis is also supported by the 
fact that only occasional astrocytes showed multiple parasites, whereas 
the neighbouring cells did not. Recently, Wickramasinghe et al. 
(1987) reported extravascular parasitized red cells in their studies 
with bone narrow of cerebral malaria patients. One of the explanations 
they gave for the extravascular parasitized red cells was the passage 
of red cells through endothelial cells. 
5.1.2 EYE INVOLVEMENT 
The involvement of eye and its adenexae has been previously 
described in cerebral malaria. The various conditions reported are 
keratitis, uveitis, retinitis pigmentosa, optic neuritis and ocular 
muscle paresis (Bywater, 1922). The finding of retinal haemorrhages 
and damage to the eye is a clear indication of the presence of 
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vascular lesions in the pathogenesis of cerebral malaria. Although, 
the precise pathogenic mechanism contributing to the initiation 
and the development of this disease still remains largely unknown. 
This investigation based on histopathological and electronmicroscopic 
studies provide further evidence of the eye damage in cerebral 
malaria. Literature survey revealed that some very early investigations 
are suggestive of an eye involvement in malarial infections (Bywater 
1922; Smith 1906), but more recently this important aspect of cerebral 
malaria did not seem to have received the attention it deserved. 
Our present study demonstrates parasitic infiltration of virtually 
every part of the eye. This study confirms and further supports 
the earlier finding of retinal haemorrhages in malaria from some 
endemic areas (Looaressuwan et al., 1983). The above findings 
have shown that retinal haemorrhages are generally associated with 
several other manifestations of P^. falciparum infection, perhaps 
leading to the development of cerebral malaria at a later stage. 
A near complete occlusion of the blood vessels of retina by sequestra-
ted parasitized erythrocytes in this study also supports the earlier 
finding of Yoeli (1976) who has shown occlusion of the brain capilla-
ries. The infected erythrocytes appeared attached to the endothelial 
cells, although knob-like protrusions generally observed in K falciparum 
malaria were not visible in our electronmicrographs. 
Intravascular coagulation may be the primary cause of 
the retinopathy and the accompanying cerebral pathology. Mansen-Bahr 
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and Apted (1982) have suggested that stasis of the parasitized red 
cells may be responsible for such lesions in the eye. The capillary 
obstruction brought about by parasitic emboli has been shown to 
lead to permanent pigmentary macular changes. On the basis of^ 
our studies, we tend to suggest that retinal pathology may be the ' 
expression of an immunological intolerance/dysfunction (Mahdi et al,, ^ 
1989b). 
5.1.3 PATHOGENESIS OF CEREBRAL MALARIA 
Sequestration of the infected erythrocytes, containing late 
developmental stages of the parasites in capillaries and venules 
of internal organs has been investigated (Poongponrath et al., 1988). 
Several electronmicroscopic observations have shown that older 
parasites are sequestrated in capillaries of brain, heart, intestine, 
placenta and other organs (Phillips and Gilles, 1988). Recently, 
Handunnetti et al. (1989) have suggested that parasite sequestration 
in the deep vasculature of the brain leads to tissue ischemia, which 
is responsible for the lethal character of P^ falciparum infections. 
Erythrocytes infected with P^ . falciparum, P_. coatneyi and P^. knowlesi 
disappear from peripheral blood during the maturation of parasites 
from ring to schizont. This phenomenon, caused by attachment 
of these infected erythrocytes to vascular endothelium, has been 
termed deep vascular schizogony (iVIiller et al., 1971). 
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Although cerebral capillaries are described as the principal 
vessels occluded in fatal falciparum malaria, but in our study with 
P. knowlesi, the venules and veins were also found to contain many 
parasitized red cells. However, the distribution of parasites was 
irregular throughout the cerebral vessels. Venules and capillaries 
in one region of the cortex were completely filled with parasitized 
red cells, whereas an adjacent zone was virtually devoid of parasites. 
Similar observation was recorded by Clark and Tomlinson (1949) 
in autopsy studies of fatal P^. falciparum infection in man. 
Most of our light microscopic studies were confirmed by 
the electronmicroscopic observations. But we could not locate 
much of a parasitic infiltration of glial cells. In light microscopy 
too, we only occasionally found parasite deposits in the glial cells. 
The knob-like protrusions which are responsible for attachment 
of ?. falciparum infected erythrocytes to the endothelium were 
not present in the membranes of P^ . knowlesi parasitized erythrocytes. 
However, we found that the membranes of parasitized red cells 
conform directly to the endothelium and some of them attach to 
the extension of endothelial cells. A some what similar observation 
was earlier made by Poongponrath et al. (1985). But the "invagination 
of electron-dense membranes" as reported by Miller et al. (1971) 
was not revealed in our electronmicrographa. On the whole, the 
cerebral vascular involvement in P. knowlesi infected rhesus monkeys 
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appeared similar to that in fata l cases of P^. falciparum infections 
of man and again this la t ter f inding is in concurrence wi th those 
of Mil ler et a l . (1971). 
The electronmicroscopic studies further revealed that in 
contrast to normal monkeys, the vessels of animals wi th cerebral 
malaria contained numerous macrophages. The cytoplasm of these 
macrophages contained phagocytosed parasitized erythrocytes and 
other inclusion bodies. Quite of ten, macrophages were found in 
int imate contact wi th and attached to the endothelium and in some 
instances the intervening cel l membrane was not clearly identi f iable 
indicating the possibil ity that exocytosis of lysosomal contents could 
have occurred. Rest and Wright (1979) reported this for the f i rst 
t ime in _P. berghei infected hamsters. George et a l . (1976) reported 
the presence of neutrophils in glomerular capil laries in immune 
complex nephritis associated wi th rodent malaria, but this has not 
been previously reported in P^. knowlesi - rhesus monkey model. 
The relevance of any animal model lies in its resemblance 
to the human disease. Certain aspects of the histopathology of 
rhesus monkey model show s imi lar i ty to that of humans. Bulging 
endothelium and monocytes within and around vessels are seen both 
in human cerebral malaria and as wel l as in the monkey model 
system. Intravascular monocytes attached to the endothelium and 
laden wi th malarial pigment, are d i f f i cu l t to distinguish from bulging 
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endothelium and parasitized erythrocytes packed into capillaries 
in human post-mortem brain sections (Rest, 1982). 
Monocytes are at t racted by various chemotoxins which 
include immune complexes (All ison and Houba, 1976), C5a and kinins 
(Snyderman and Mergenhagen, 1976). The impl icat ion of immune • 
complexes in the pathogenesis of cerebral malaria is consistent 
wi th the observation that this may be prevented by neonatal thymec-
tomy (Wright, 1968), ant i thymocyte serum (Wright et a l . , 1971) , 
and wi th the complement changes noted in acute malaria (WHO, 1975). "" 
Another interesting electronmicroscopic f inding was the 
presence of platelets in the v ic in i ty of macrophages and parasitized 
erythrocytes in sections from choroid plexus. Poongponrath et a l . 
(1985) have also reported the presence of platelets in human cerebral 
malaria. From their studies they have concluded that the platelets 
attached to injured vascular endotheil ial cells may play a role in 
the obstruction of cerebrospinal f luid leading to cerebral oedema. 
Macpherson et a l . (1985), however, fai led to locate the presence 
of platelets in the cerebral vessels of V_. falciparum infected patients. 
French (1970) has concluded that the essential components of thrombi 
are platelets and f ibr in . 
In some animals l ipofuscin pigment was detected in the 
brain wi th the electronmicroscopic studies. Gutierrez et a l . (1976) 
have reported deposition of l ipofuscin pigment in the l iver of 
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P. falciparum infected Actus monkeys. Similarly high concentrations 
of lipofuscin granules have been reported by Rosen et al. (1967) 
and by Brito et al. (1969) in patients with P_. falciparum infection. 
But lipofuscin has also been considered as being part of normal 
ageing process of the cell (Glees and Hasan, 1976). 
5.2 BIOCHEMICAL STUDIES 
Host parasite relationship in malaria infection has been 
extensively studied (Von Brand, 1973). Malarial infection in experimen-
tal animals is associated with various biochemical changes. Fletcher 
and iVIaegraith (1972) have shown that metabolic activities of the 
host, as well as the parasite are significantly altered during the 
course of malarial infection. There are reports indicating alterations 
in lipid metabolism in infected liver, spleen, i<idney and brain. 
The changes are initiated during the erythrocytic phase through 
mediators released in the host blood (Saxena et al., 1981). Lipids 
are essential components of cellular structures and are the major 
constituent of brain tissue. The lipid requirement for parasite growth 
inside the host erythrocyte is accompanied by exchange of lipids 
through plasma and body cells, causing severe derangements in lipid 
metabolism of the host (Majumdar et al., 1981). In recent years, 
however, workers have been engaged in assessing the possible role 
of highly reactive products of oxygen termed free radicals in the 
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pathogenesis of malaria and ctlier parasitic infections (Clark et 
al., 1986). In addition to oxygen radicals, certain products of lipid 
peroxidation induced by the free radicals may be toxic to invading 
organisms (Gutteridge et aL, 1982) and host cells (Morel et al.,1983). 
Descamps-Latscha et al. (1987) have reported that increased amounts 
of reactive oxygen species are produced during malarial infection 
and, that high levels seen in patients with severe form of the disease 
could contribute to pathological reactions. The study of Nnalue 
and Friedman (1988) suggested that singlet oxygen is the most effective 
neutrophil product killing or suppressing the growth of malaria parasite. 
The results of this study carried out in R berghei infected 
mouse confirmed infiltration of parasites in various regions of the 
brain. The study further demonstrated a sizeable decrease in total 
lipids, phospholipids, cholesterol and gangliosides in the cerebrum, 
cerebellum and brain stem. Similarly, a remarkable increase in 
the rate of lipid peroxidation was observed in the cerebellum and 
brain stem of the mouse following malarial infection (Mahdi et 
al., 1988c). Regional variation in the lipid contents could be explained 
by the fact that brain is a heterogeneous organ composed of many 
structural and functional components, having markedly different 
levels of functional and metabolic activity. The heterogeneous nature 
of the brain is of paramount importance in the evaluation and interpre-
tation of biochemical findings (Hertz, 1969). 
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Biomembranes and sub-cellular organelles are the major 
sites of peroxidation damage (Tappel, 1970). Free radical mechanism 
leading to lipid peroxidation and degradation of the brain lipids 
with the loss of membrane integrity, are currently considered important 
contributing factors in the development of irreversible brain damage 
during ischaemic and other adverse conditions (Demopoulos et al., 1979). 
A close relationship exists between cellular injury, peroxidation 
of membrane lipids and oxidative damage to the cells (Sharma and 
Krishnamurti, 1976). Enhancement in the rate of lipid peroxidation 
following malarial infection is also corroborated by the observations 
of Bajpai and Dutta (1987). Saxena et al. (1981) have reported 
that in contrast to brain, significantly higher amounts of lipid peroxides 
are produced in liver, lung and spleen. 
The increase in the rate of lipid peroxidation appears 
to contribute significantly to the reduction of lipid levels in various 
areas of brain. Chander et al. (1987) have reported that host's 
lipid metabolism is severely affected during malarial infection. 
The results of the present study clearly indicate a significantly 
enhanced activity of endogenous lipids in malarial infection, which 
perhaps constitutes a major cause of reduction of brain lipids (Mahdi 
and Ahmad, 1989). 
The killing of intracellular and extracellular pathogens 
by phagocytes is due in part to the production of oxygen radicals, 
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namely superoxide, hydrogen peroxide, hydroxy! radicals and possibly 
singlet molecular oxygen (Lockelay and Klebanoff, 1983; Docampo 
and Moreno, 1984). Protozoan parasites contain endogenous scavengers 
of oxygen-derived products that may be important in their defense 
against toxic oxygen radicals generated by phagocytes. The results 
of the present study showed significant alterations in hydroperoxide 
levels of mitochondria and microsomes of infected mouse brain 
specimens. There was a marked increase in lipid peroxide levels 
in brain microsomes, thus indicating damage of brain membranes 
by P. berghei infection. 
Superoxide dismutase (SOD) activity has been reported 
from various parasitic microorganisms (Decampo and Moreno, 1984). The 
experiments carried out during the course of this study have demonstra-
ted sizeable decrement in the SOD activity of P^. berghei infected 
mouse brain as compatred to un-infected control group, thus indicating 
low scavanging activity of free radicals. Arias and Walter (1988) 
have reported decrement of SOD activity in ^ . falciparum infected 
erythrocytes. Kulkarni et al. (1981b) have found to change in SOD 
activity in brain of rats infected with JP. berghei. This may be 
due to non-involvement of brain in P^ . berghei - rat system, the 
model in which the study was carried out. However, Kulkarni et 
al. (1984) have reported diminution in the hepatic SOD activity 
in £. berghei infected mouse. Areekul et al. (1987) have found 
no change in SOD activity in P^ berghei infected mouse spleen. 
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The SOD activity is said to be the natural defence mechanism 
aganist oxidative damage to the tissues (Fridovich, 1975). Low levels 
of this enzyme during malarial infection would clearly make the 
tissue all the more prone to oxidative damage. Areekul and Boonme 
(1985) reported diminished activity of another scavanging enzyme; 
catalase, in infected red blood cells of patients infected with 
JP. falciparum, thus indicating that these cells are prone to damage 
op HnO,. Increasing evidence has been provided demonstrating 
the importance of oxidative stress in cellular immune mechanisms 
against Plasmodium parasites (Allison and Euguni, 1983). 
5.3 MECHANISM PROPOSED FOR THE PATHOGENESIS OF CEREBRAL 
MALARIA 
Although the symptoms of cerebral malaria are by now 
well decumented (Daroff et al., 1967; Osuntokun, 1983) yet the 
underlying causes for this particular manifestation of the disease 
are not fully understood. Historically, cerebral malaria is an age 
old malady as it was first described at the turn of the century 
(Thumwood et al., 1988). Possible factors contributing to the develop -
ment of cerebral malaria include: the blockfige of cerebral vessels 
by parasitized red blood cells; deposition of immune complexes 
in brain capillaries; reduced humoral or cell-mediated immune respon-
ses; action of endotoxin and; action of tumor necrosis factor (Clark, 
1987). Maegraith (1966) suggested that the loss of normal blood 
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brain barrier (increased permeability to albumin) initiates lesions 
and that obstruction of capillaries by infected red blood cells is 
secondary. Although Aikawa (1988) suggested that blockage of 
cerebral vessels is the major factor in the pathogenesis of cerebral 
malaria. 
If the widely postulated explanation, the adhesion of knob-
bearing parasitized RBCs, is to be accepted then we would expect 
cerebral malaria to develop routinely in every patient with falciparum 
infection. But apparently this is not true. Furthermore, such an 
approach has not yet been able to answer the question of malarial 
tolerance. The existance of a certain degree of tolerance is much 
in evidence (Kitchen, 1949; McGregor et al., 1956), from hyperendemic 
areas where children continuously exposed to malaria are often 
healthy, despite the high parasitaemia. On the other hand, there 
is no unequivocal evidence to suggest that plugging of capillaries 
is an essential part of the pathogenesis of human cerebral malaria 
(Thumwood et al., 1988). This aspect certainly needs further investiga-
tion; as factors other than adherance to endothelial cells by knob-
bearing red cells will need to be identified for achieving a better 
understanding and comprehension of the disease as a whole. 
Clark et al. (1986) have suggested that cerebral malaria 
may be caused by increased vascular permeability due to endothelial 
damage, which may itself be caused by active oxygen metabolites 
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such as hydrogen peroxide, superoxide anion and hydroxyl radical. Such 
metabolities can be released by neutrophils and by activated macro-
phages (Badwey and Karnovsky, 1980). We have demonstrated the 
presence of macrophages in monkeys having cerebral malaria. 
As an inevitable consequence of aerobic metabolism, the 
oxygen radicals are also generated inside leukocytes, enabling them 
to kill phagacytosed microorganisms (Babior et al., 1973). Unfortunately, 
such leukocytes from their outer membrane also secrete 0„- along 
with other mediators into the surrounding tissue (Nathan and Root, 
1977). The main source of oxidant stress, jji vivo, is the presence 
of phagocytic leukocytes, polymorphonuclear neutrophils and macro-
phages (Nnalue and Friedman, 1988). During phagocytosis, or, when 
the plasma membranes of these cells are appropriately perturbed 
they undergo a respiratory burst and produce substantial quantities 
of superoxide, hydrogen peroxide, hydroxyl radical and singlet oxygen. 
These reactive oxygen intermediates can oxidize proteins (Broe 
et al., 1981), and membrane lipids (Mead, 1976), and can damage 
DNA (Cathcart et al., 1 984) in nearby cells. This indiscriminate 
and self-inflicted process contributes to the tissue damage of inflamma-
tion (Freeman and Crapo, 1982), and clearly has the capacity to 
cause tissue damage in parasite induced disease. 
Oxygen radicals being very transient species merely set 
in motion a destructive chain reaction. When lipids react with 
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free radicals they undergo a series of molecular rearrangement 
termed peroxidation and form a series of oxidation derivatives, 
including lipid peroxides, lipid hydroperoxides and aldehydes (Esterbauer, 
1982). In our studies we have shown enhancement in the rate of 
lipid peroxidation and also a marked increase in the levels of lipid 
peroxides and hydroperoxides (iVIahdi et al., 1988d). Rest (1983) 
postulated that monocyte-derived mediators (monokines), particularly 
arachidonic acid metabolities are the key constituents of pathogenesis. 
It has been observed that monocytes which metabolise arachidonic 
acid become vacuolated (Bruce et al., 1979) and produce free oxygen 
radicals (Kuehl and Egan, 1980) when they phagacytose particles 
(Johnson et al., 1976). These free oxygen radicals could be responsible 
for the endothelial cell damage (Kontos et al., 1980) with haemorrhages 
occurring in areas where the endothelium is most susceptible to 
oxygen toxicity. 
Based on our studies of light and electronmicroscopy, as 
also on the basis of biochemical findings and the evidences available 
from the previous work, only one thing could be concluded that 
the pathogenesis of cerebral malaria is a complicated process. 
Looking at all the possible factors, it is rather difficult to assign 
'one single reason to describe its various manifestations, as it definitely 
appears to be an outcome of an array of factors. On the basis 
of our studies and published findings (Mahdi et al., 1987, IVIahdi 
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et al., 1988b; Mahdi et al., 1988c; Mahdi et al., 1988d; Mahdi et 
al., 1989a, Mahdi et al., 1989b; Mahdi and Ahmad," 1989) we suggest 
that the pathogenesis of cerebral malaria is the outcome of a typical 
triad constituted by : the mechanical obstruction of blood capillaries 
with parasitized RBCs; the biochemical events particularly the involve-
ment of free radicals and; the immunological dysfunction; all acting 
in concert. 
5.4.1 IMMUNIZATION OF RHESUS MONKEYS USING MDP AS AN 
ADJUVANT : PROTECTION STUDIES 
Workers in the last 40 years have variously attempted 
to immunize monkeys against malaria using blood stages of parasites. 
An obvious advantage for investigators in these experiments is that 
blood stage parasites produce infections that are biologically similar 
to human malarial infection (Coatney et al., 1971). Schimidt-Ullrich 
et al. (1982) have shown that P. falciparum schizonts and R knowlesi 
merozoites share some common antigens. The recent malaria vaccina-
tion studies in our laboratory by Khanna (1988) have yielded some 
encouraging results. Keeping the above studies in mind we immunized 
rhesus morik eys against P. knowlesi using whole antigen in combination 
with Muramyl dipeptide (MDP) as an adjuvant. These studies were 
carried out to check the degree of protection, if any, as also to 
check the availability of any possible minimizing factors in the 
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course of pathogenic events in cerebral malaria. 
The most delicate aspect of malaria research is the isolation 
of pure parasite material from host erythrocytes. The major obstacle 
encountered in this work is usually the removal of leukocytes and 
host RBC contaminants. The methods commonly used for the removal 
of leukocytes and buffy coat are by suspending the washed cells 
in several volumes of dextran solution or obtaining them as supernatant 
on sedimentation (Langer et al., 1967; Zuckerman et al., 1967). 
These procedures are usually helpful in removing onl'y 75% leukocytes. 
We used slow speed centrifugation in which about 85 96 leukocytes 
were removed. Our results on leukocyte separation compared favorably 
with previous study of Zuckerman et al. (1967). The most efficient 
method for the removal of leukocytes is to pass the washed blood 
either through a column of paper powder (Homewood and Naeme, 
1976), or through a column packed with equal parts of alpha cellulose 
and microcrystalline cellulose (Beutler et al. 1976). Recently, Mons 
et al. (1988) demonstrated that the use of commercially available 
cell select leukocyte filters is more effective, rapid and simple 
method for the removal of WBCs than the use of cellulose powder. 
We employed saponin to induce lysis of red blood cells. 
The treatment resulted in 100% lysis of red blood cells, causing 
the release of free parasites. Christopher and Fulton (1939) for 
the first time used saponin for lysing erythrocytes. It has been 
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reported earlier that the parasites released by saponin lysis are 
free from host cell material (Jerusalem and Eling, 1969). Siddiqui 
et al. (1978b) found saponin as most efficient non-ionic detergent 
for haemolysis, as also for the removal of proteins and sialic acids 
from red blood cell membranes. 
The released parasites can be further separated from erythro-
fcyte contaminants by differential centrifugation, enzymatic digestion, 
free flow electrophoresis and density gradient centrifugation. By 
means of histopaque density gradient, we were able to obtain a 
comparatively pure preparation of P. i<nowlesi. A very important 
host comtaminant is the red blood cell material ingested by the 
growing parasites. Removal of this contaminant has always been 
a formidable task. The antigenic material obtained following ultrasoni-
c a t i o n of parasites was treated on poly-acryl-amide gel electro-
phoresis. These results also showed that host cell contaminants 
were not present in the antigenic preparations. 
In the present studies, we used whole P. knowlesi antigen 
for immunizing rhesus monkeys. The antigenic preparations were 
mixed with iVIDP and given twice, intramuscularly, at an interval 
of three weeks according to Siddiqui et al. (1979). Monkeys receiving 
WAg-MDP showed a survival rate of 5096, with a prepatent period 
of 12 days. Animals belonging to antigen, adjuvant and saline control 
groups showed 100% mortality. Average peak parasitaemia in the 
205 
apimals immunized with WAg-MDP preparation was found to be 
10.5% only. These animals showed the presence of circulating 
antibodies, although the cell mediated immune responses observed 
in the animals were of lower order. Khanna (1988) reported that 
cell mediated immune responses observed in the animals immunized 
by MDP were significantly lower compared to those obtained in 
animals immunized by FCA (Freund's Complete Adjuvant). A synthetic 
derivative of MDP (nor-MDP) given in mineral oil, has proved only 
partially effective as an adjuvant for merozoite vaccination of Macaca 
mulatta against ^ . knowlesi (Mitchell et al., 1979). The MDP, 
whether used as such, or emulsified in oil, was effective in mouse 
system (Khullar et al., 1985). Siddiqui et al. (1977) demonstrated 
that P^, falciparum morozoite antigen emulsified with FCA was 
able to induce complete protection of vaccinated monkeys. Siddiqui 
et al. (1979) demonstrated that stearoyl MDP (6-0-stearoyl-N-acetyl 
muramyl-L-alanyl-D-isoglutamine) could replace FCA for effective 
immunization of owl monkeys aganist infection with P. falciparum. 
Results of the two human trials on the safety and efficacy 
of vaccines against £. falciparum sporozoites have been reported 
recently (Ballou et al., 1987; Herrington et al., 1987). Both these 
vaccines were prepared from the immunodominant epitope of a 
circumsporozoite protein, the main component of sporzoite surface 
coat (Nussenzweig and Nussenzweig, 1985). Young et al. (1985) 
and Ballou et al. (1987) have used alum hydroxide as an adjuvant 
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that the endothelial cells lining the liver sinusoids are also phagocytic 
in nature and they can transform into Kupffer cells (Aikawa et 
al., 1968). Macrophages containing pigment enter the sinusoids 
with the portal blood. In _P. falciparum infections of human subjects 
and experimental monkeys (Jervis et al., 1972; Gutierrez et al., 1976), 
large number of parasitized cells are found attached to the endothelial 
cells. The increased number of cells in the sinusoids causes sluggish 
circulation in the organ, with resultant congestion and central 
necrosis due to portal hypertension (Skirrow et al., 1964). 
Light microscopy of the kidney sections revealed completely 
atrophic tubules at some places, while in other areas cloudy swelling 
of the epithelial lining cells and haemoglobin granules in the proximal 
tubules were observed (Rosen et al., 1968; Boonpuckanavig et al. 
1973). In our studies, kidney sections from infected control animals 
showed large pigmented glomeruli while immunized animals showed 
no change at all. 
Spleen sections showed hyperplasia and hyperaemia in the 
white and red pulp. The sinusoids were dilated with numerous infected 
red blood cells. There was a marked congestion of splenic sinusoids 
and enormous amount of pigment was found in the swollen macrophages. 
Neutrophil infiltration was abundant, especially in the necrotic 
areas (Taliaferro and Mulligan, 1937). However, sections from 
immunized animals showed less amount of pigment deposits and 
hyperplastic white pulp. 
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in their sporozoite vaccination studies. Both candidate vaccines 
have been shown to be well-tolerated with no serious, local or systemic 
effect. 
A number of candidate antigens are being considered for 
development of vaccines against asexual blood stages of malaria 
parasite. The principal targets for vaccines include antigens on 
the surface of merozoites or mature schizonts, merozoite-antigens 
released during red cell reinvasion, and parasite-antigens on the 
surface of infected cells. The genes encoding several of these 
antigens have been cloned and investigated in primate models as 
possible candidate vaccines. Recently, Siddiqui et al. (1987) have 
shown that complete protection of Aotus monkeys against P^. falciparum 
malaria could be achieved using merozoite surface coat precursor 
protein, gp-195, derived immunogens. More recently, Chang et 
al. (1988) have evaluated the possible need for a multivalent gp-195 
vaccine to achieve clinical immunity in a susceptible population. 
Presently, human trials are being conducted in Columbia 
of two polymeric synthetic hybrid molecules based on synthetic 
peptides corresponding to merozoite-specific proteins (Patarroyo 
et al., 1988). Results from these initial human trials of a malaria 
vaccine have been both encouraging and disappointing at the same 
time (Cattani, 1989). Vaccine candidates have not been as immuno-
genic as was' initially expected. The strategy of targetting a single 
208 
synthetic peptide of fusion protein as a vaccine has not been as 
effective as the use of irradiated whole sporozoites in man (Clyde 
et al., 1975) and animal models as well (Vanderberg et al., 1969). 
11 would appear even less likely that a single blood stage antigen 
will form the basis for an effective vaccine, given the antigenic 
diversity that exists among malaria parasites in nature. The role 
of cell mediated immunity also appears essential for effective 
protection, indicating that the requirement for T-cell epitopes in 
a vaccine may always be related to enhancement of immunogenicity, 
as also to the protection against vaccine-induced variation as reported 
for an antigen of F^. knowlesi (Klotz et al, 1987). 
5.4.2 IMMUNOPATHOLOGY 
. The light microscopic studies of the sections from immunized 
animals in the present investigation revealed normal tissue architecture. 
The central vein and sinusoids of liver from un-immunized monkeys 
were dilated and showed presence of pigment. In immunized monkeys 
the central vein, though found dilated, was devoid of any pigment. 
No pigment could be seen in the sinusoids and Kupffer cells which 
were found compressed. In un-immunized animals, the phagocytic 
Kupffer cells of the sinusoids were found swollen and contained 
pigment deposits. It seems that during an early infection, the 
perilobular Kupffer cells start to hypertrophy and active phagacytosis 
of pigment and infected erythrocytes occurs It is generally accepted 
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Sections from brain of infected control animals revealed 
that the blood vessels of cortex and medulla were completely plugged 
with parasitized RBCs (Yoeli and Hargreaves, 1974; Mahdi et al., 
1989a). Parasitic infiltration was observed in all the regions of 
the brain (Mahdi and Ahmad, 1989). Noticeably, there were few 
structural changes in the central nervous system (Gutierrez et al. 
1976). The small-sized blood vessels and capillary endothelium showed 
slight proliferation, while the parasitized erythrocytes were found 
attached to the endothelium (Mahdi et al., 1989b). This particular 
finding is however in contrast to the results reported by Gutierrez 
et al. (1976). Recently, Thumwood et al. (1988) have reported 
breakdown of blood-brain barrier in murine cerebral malaria. In 
our studies of the sections of brain from immunized animals we 
found un-parasitized erythrocytes in the blood vessels of cortex 
and white matter. There was no involvement of brain tissue in 
the immunized animals following challenge. Neither there was 
any parasitic infiltration observed in the brain of immunized monkeys 
dying after the challenge. We carried out such immunization 
experiments in order to assess the candidate vaccines presently 
in usemaihly for checking their efficacy in reducing blood parasitaemia 
as also their possible role in increasing or decreasing the process 
of sequestration of infected erythrocytes to brain (Aikawa, 1988). 
On the basis of our findings, it could be concluded that whatsoever 
might be the limitations of a malaria vaccine in safeguarding a 
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malaria infection, it does afford considerable protection against 
cerebral malaria by inhibiting a full fledged involvement of the 
brain tissue. 
CLAIMS 
TO 
ORIGINALITY 
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CLAIMS TO ORIGINALITY AND CONTRIBUTION TO KNOWLEDGE 
1. An interesting finding of this investigation is the demonstration 
of malaria parasite in the capillary endothelial cells and, 
their occasional presence in astrocytes (Mahdi et al., 1989a). 
2. Electron microscopic studies revealed that in contrast 
to normal monl<eys, the blood vessels of animals with cerebral 
malaria contained numerous macrophages. 
3. This study has demonstrated a near complete occlusion of 
retinal blood vessels by sequestrated parasitized erythrocytes. 
On the basis of this investigation, it has been proposed 
that retinal pathology may be the expression on an 
immunological intolerance/dysfunction (Madhi et al., 1989b). 
4. a) Results of the studies carried out in K berghei infected 
mouse, while confirming the parasitic infiltration in 
various regions of the brain, had further demonstrated 
sizeable decrease in total lipids, phospholipids, cholesterol 
and gangliosides in various regions of brain. Similarly, 
a remarkable increase in the rate of lipid peroxidation 
was observed in the cerebrum and the brain stem of 
the mouse brain following malarial infection (Mahdi 
et al., 1988c; Mahdi and Ahmad, 1989). 
b) The results of the present study showed significant 
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alterations in hydroperoxide levels of mitochondria and 
microsomes of infected mouse brain specimens. Furthermore, 
a marked increase was shown in lipid peroxide levels 
in brain microsomes. 
c) The experiments carried out during the course of this 
study have demonstrated sizeable decrease in the superoxide 
dismutase (SOD) activity of P^ berghei infected mouse 
brain. 
5. On the basis of these studies the pathogenesis of cerebral 
malaria seems to be an outcome of a typical triad consisting 
of : 1) mechanical obstruction of the blood capillaries brought 
about by the parasitized RBCs; 2) Combination of certain 
biochemical events such as involvement of free radicals 
in particular, and 3) immunological dysfunction. 
6. Immunization experiments were carried out to assess the 
candidate vaccine not only for its efficacy in reducing blood 
parasitaemia, but also for any effects it might have in increasing 
or decreasing the sequestration of infected erythrocytes 
to various organs. On the basis of these findings it is suggested 
that whatever may be the limitations of malaria vaccine 
for inhibiting malarial infection, it did provide satisfactory 
cover in inhibiting the involvement of brain tissue of 
immunized animals. 
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